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Abstract ii 
ABSTRACT 
The deposition of carbon from a carbon-rich environment onto structural 
materials is prevalent in petrochemical and chemical industries such as in 
the production of syngas, iron reduction plants, petroleum refineries, 
carbon dioxide cooled nudear plants, fuel cells using molten salts and 
hydrocarbons, and the recycle-gas loop equipment of coal-gasification 
units. The consequence of carbon deposition is a metal related 
degradation phenomenon known as "Metal dusting". Metal dusting results 
in rapid material wastage and/or thinning of material, producing 
hemispherical pits and grooves as the affected material diSintegrates into 
a mixture of carbon and metal particles. 
The aim of this study was to elucidate m terial factors that cause or 
contribute to metal dusting. This was achieved by refurbishing the in-built 
metal dusting rig to carry out experimental tests on a laboratory scale. 
The objectives of this research were to simulate a metal dusting 
enVironment, characterize the resistance of various alloys to metal 
dusting, and to evaluate the effects of surface treatment and temperature 
on metal dusting. Metal dusting was induced on a wide variety of nickel-
based and iron-based alloys which were capable of forming chromium 
oxide scales in a flowing CO-HrH20 atmosphere at 650°C and 500°C. 
Some of the alloys were heat treated at 850°C for an hour prior to 
exposure and others were ground to 600 grit SiC. Some degree of metal 
dusting attack was observed for all alloys tested except for an alloy with 
high chromium and nickel content. The results indicated that metal 
dusting is much more aggressive at lower temperatures than at high 
temperatures. It was also observed that the surface working of the alloys 
had a very significant effect to metal dusting resistance as well as the 
amount of scale forming elements additions and the presence of certain 
carbides forming elements. The preheat treatment seemed not to have a 
Significant effect on the resistance to metal dusting. 
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GLOSSARY 
Petroleum Oil and Gas Corporation of South Africa 
liquid petroleum Gas 
Carbon monoxide 
Hydrogen 
Methane 
Chromium oxide 
Silicon oxide 
Aluminium oxide 
Carbon dioxide 
Degrees Celsius 
Methane 
Iron carbide or Cementite 
Diffusion flux 
meter 
seconds 
Kelvin 
Diffusion coefficient 
Concentration gradient 
Temperature independent pre-exponentDal 
Activation energy for diffusion 
Universal gas constant 
Temperature 
Carbon activity 
Kilograms 
Partial pressure of carbon monoxide 
Partial pressure of carbon dioxide 
Partial pressure of methane 
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PH:O Partial pressure of water 
Po 2 Partial pressure of oxygen 
Ki Equilibrium constant of the reaction 
CPT Carbon precipitation temperature 
H:zS Hydrogen sulphide 
S Sulphur 
SCad) Adsorbed sulphur 
GRD Ground samples 
ARD As-received samples 
HT Heat-t:reated samples 
AG" Standard Gibbs free energy change 
SEM Scanning electron microscopy 
EDS Energy dispersive spectroscopy 
VHN Vickers's micro-hardness number 
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General Introduction 1 
CHAPTER ONE 
GENERAL INTRODUCTION 
1.1 METAL DUSTING BACKGROUND 
carbon is regarded as a very important alloying element in steels and 
alloys because of its significant influence on the mechanical properties [1]. 
For example, increasing the carbon level of steels increases the hardness 
and strength. It can also have an influence on the corrosion behaviour of 
steels and alloys. In chromium-alloyed steels, carbon reduces the 
resistance of corrosion by forming carbides and locally depleting the metal 
matrix of chromium [2-4]. 
The process of increasing the carbon level in steels is known as 
carburization. The deposition of carbon from a carbon-rich environment 
onto structural materials is prevalent at petrochemical and chemical 
industries such as in the production of syngas, iron reduction plants, 
petroleum refineries, carbon dioxide cooled nuclear plants, fuel cell using 
molten salts and hydrocarbons, and the recycle-gas loop equipment of 
coal-gasification units [5-7]. The consequence of carbon deposition is a 
carbon related degradation phenomenon known as a ~metal dusting". 
lately, intensive research on metal dusting was done by Grabke et al and 
Pippel et al [8,9]. Metal dusting is desaibed as a catastrophic form of 
carburization which occurs under conditions where the carbon activity (ae:) 
of the gaseous atmosphere is greater than one [6]. This results in rapid 
material wastage and/or thinning of material, produdng hemispherical pits 
and grooves as the affected material disintegrate into a mixture of carbon 
and metal particles. Metal dusting occurs in Intermediate temperatures of 
4500 e - 8000 e [8]. This corrosion phenomenon has become a serious 
problem in recent years. 
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General Introduction 2 
The main cause of metal dusting is the growth of graphite In the metal, 
leading to the disintegration of the metal. However, the mechanism and 
type of attack are different depending on the metal composition and 
temperature of the environment. 
1.2 INDUSTRIAL EXPERIENCE ON METAL DUSTING 
The oombination of natural gas or methane with steam at high 
temperature produces a mixture of gases commonly known as "syngas" 
which contains H2, CO, CO2, H20, and CH4 [10]. Metal dusting is 
prevalent in such gas mixtures at a temperature range of about 450°C to 
BOOoC. Iron and nickel-based alloys are susceptible to metal dusting 
[11]. The alloys that are commonly used in petrochemical and chemical 
industries are NI-Cr-Fe based alloys such as Inoonel ® alloy 600 (Alloy 
600), Incoloy ® alloy BOO (Alloy BOO), and Inconel® alloy 601 (Alloy 601). 
An adherent, protective, self-repairing oxide scale is said to protect the 
alloy surface against metal dusting [6,10-12]. For greater effldency of 
the plant, the amount of steam is often decreased, leading to lower 
steam-to-hydrogen ratiOS (H20/H2)' The amount of CO content in syngas 
is increased as a result of high pressures required for greater efficiency of 
the plant. The combination of the lower H20/H2 ratios and CO/C02 ratios 
results in lower 02 partial pressures and high carbon activities [10]. 
Consequently, the metal dusting propensity and severity is increased. 
A heat exchanger made up of Alloy BOO (200/0 Cr-320/0 Ni) failed after 23 
000 hours by local wastage [6]. The wall of Alloy BOO was wasted from 
10 mm to 3 mm and a weldment in the wall of Alloy BOO which was made 
up of Alloy 600 (15CVo Cr-720/o Ni) was less attacked than Alloy BOO. 
Failure of structural components in Industries has been reported in detail 
by Grabke et aJ in gas heaters of direct reduction plants, platform units in 
refinery, direct reduction furnaces, and heat exchangers of an ammonia 
plant [6]. Metallic interconnects in solid oxide fuel cells (SOFC) are 
susceptible to metal dusting since they act as gas separators and 
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General Introduction 3 
distributors. The environment in which metallic interconnects operate 
contains natural gas or methane at temperature ranges of 550°C to 800eC 
[12J. 
Metal dusting is prevalent in transfer lines and ferrules since syngas is 
produced above the critical metal dusting temperature (> >800°e) and 
transferred to a bOiler via a transfer line where it is rapidly quenched to a 
temperature below the critical metal dusting temperature range (-<800D e) 
[10,13]. Under such conditions carbon deposition is theoretically possible 
and metal dusting can occur. Alloy ferrules that are used in the transfer 
line do often experience metal dusting and are periodically replaced 
Figure 1.1 shows a metal dusted ferrule from the PetroSA plant In Mosse! 
Bay. The arrows show the severity of corrosion on the ferrule. 
Figure 1.1: The double arrows shows deformation of a ferrule (Alloy 600) 
and the type of damage such as pits. It was used to protect the tube 
sheet from the gas temperature. The sample was received from the 
PetroSA plant in Mossel Bay. 
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General Introduction 4 
A tube built of Alloy 800 from the secondary reformer was also attacked 
by metal dusting, see Figure 1.2. The arrows shows a cross-section of the 
material where it was not attacked and a region where it was attacked. 
The pit depth and width ranged from about 0.5 to 5 mm. 
Figure 1.2: Photographs of Alloy 800 showing local pits on its surface. 
Uniform wastage was observed at certain areas on the alloy surface. 
Alloy 600 liners inside the neck of the reformer had been affected by 
metal dusting and a big chunk of it came out and was lodged In a 
burner/mixer arrangement. Alloy 600 was metal dusted whereas Alloy 
800 was not affected by metal dusting. These two alloys were exposed to 
the same environment [14J. A similar phenomenon of Alloy 800 
outperforming Alloy 600 was observed in quite a number of cases at the 
PetroSA plant. The theory predicts that Alloy 600 should resist metal 
dusting much better than Alloy 800. Failure of Alloy 800 has been 
reported by numerous researchers before. A rather random attack of 
metal dusting experienced across all types of plants makes it difficulty to 
propose a resistant material. 
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Grabke et al emphasized that in principle no metallic material which can 
dissolve carbon, is resistant to disintegration by metal dusting and long 
term suppression of metal dusting is only possible by a stable oxide scale 
and retardation is possible by low carbon solubility and diffusivity and high 
content of carbide forming elements [11]. 
1.3 PROJECT MOTIVATION 
In South Africa, PetroSA converts natural gas from sub-sea wells located 
85 km south of Masse I Bay to synthetic fuels [14]. Natural gas and 
assodated condensate are pumped from the sub-sea wells, and 
transferred to the processing plant for conversion to petrol, diesel, 
kerosene, alcohol and liquid petroleum gas (LPG). The methane rich 
natural gas is reformed to syngas by reaction with steam and oxygen at 
high temperature in the secondary reformer. The secondary reformer is 
regarded as the heart of the plant. A super heater in a secondary 
reformer was affected by metal dusting. Consequently, metal dusting has 
been causing unscheduled process unit shut downs at the PetroSA plant. 
The plant was shut down for three months to replace the affected super 
heater. It cost PetroSA 51.6 million rands to replace the super heater 
exduding loss of profit during that three months of repairing. 
Transfer lines and ferrules often experiences metal dusting and are 
periodically replaced. However, that does not solve the problem as metal 
dusting often causes unscheduled process shut downs and increases 
maintenance expenditure. Prevention of this requires investigations of 
materials that will resist metal dusting. Past research has shown that 
such materials indude alloys containing good combinations of Cr, Si, AI, Ni 
and carbide forming elements [6,15-17]. The microstructure and surface 
finish of such alloys also have an effect on the resistance to metal dusting. 
Available information on the resistance to metal dusting may be 
misleading because, for example, Alloy 800 was reported to be less 
resistant to metal dusting than Alloy 600. Failure of Alloy 800 and Alloy 
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600 due to metal dusting has been reported [6,12,16-18]. At PetroSA, 
Alloy 800 was not attacked by metal dusting whereas Alloy 600 was 
attacked although they were exposed to the same environment [14]. This 
contrasting information has led to a decision to conduct an alloy exposure 
programme on a laboratory scale to compare the performance of different 
alloys. The results will be compared with those described In published 
literature on metal dusting and recommendations will be made to reduce 
or eliminate the problem of metal dusting at the PetroSA plant. 
1.4 AIMS OF THE PROJECT 
The aim of this project is to elUCidate material factors that cause or 
contribute to metal dusting. The findings will help plant designers to 
choose the right alloys for metal dusting resistance and would add more 
knowledge on the behaviour of nickel-iron-chromium alloys in a 
atmosphere containing CO-H2-H20 gas mixture. This entails carrying out 
experimental tests on a laboratory scale by building a simulation rig. The 
major objectives of this research project are: 
(I) To Simulate the metal dusting environment. 
(I) To evaluate the reliability of mass loss/gain as a measure of the 
resistance to metal dusting. 
(I) To characterize the resistance of various alloys to metal dusting. 
.. To evaluate the effects of surface treatment and temperature on 
metal dusting. 
1.5 UMITATION OF THIS THESIS 
The limitation of this thesis is that it is mainly experimentally based. In 
this regard no modelling software has been used. 
, UNIVERSITY OF CAPE TOWN 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
General Introduction 7 
1.6 OUTLINE OF THIS THESIS 
The thesis begins with a literature review, Chapter Two. The literature 
review discusses the cause of metal dusting corrosion and methods of 
suppressing it. Chapter Three describes all the test fixtures that were 
designed by the author to cany out the experiments of this project and 
describes all the experimental techniques employed in this thesis. All the 
results are shown in Chapter Four and discussed in Chapter Five. The 
conclusions that were drawn from Chapter Four and Five are stated in 
Chapter Six. Recommendations for future work are listed in Chapter 
Seven. 
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CHAPTER TWO 
UTERATURE REVIEW 
2.1 INTRODUCTION 
Corrosion Is a naturally occurring degradation mechanism that is defined 
as the destructive and unintentional attack of a metal [19]. It can cause 
extensive and costly damage to structural metals. Corrosion is prevalent 
and takes many forms. Its occurrence cannot be eradicated completely. 
Corrosive environments include the atmosphere, aqueous solutions, soli, 
adds, bases, inorganic solvents, molten saits and the human body [19]. 
The variables in the corrosion environment, which includes fluid velocity, 
composition and temperature, can have a certain influence on the 
corrosion properties of the metal that are in contact with it. Corrosion 
occurs on the unprotected surface. Different environments can cause 
different types of corrosion attack that may vary in nature and 
appearance. The several fonns of corrosion that can occur on metals 
depending on the environment are: 
.. Uniform or General corrosion 
.. Galvanic corrosion 
III Crevice corrosion 
.. Pitting corrosion 
.. Intergranular corrosion 
.. Selective leaching corrosion 
III Stress corrosion cracking 
.. Corrosion fatigue 
.. Erosion corrosion 
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All these corrosion forms have been studied for years and the literature on 
them are widely available [19,20]. 
2.1.1 Uniform or General Corrosion 
Uniform corrosion is a uniform attack of the entire metal surface 
characterized by the rusting of steel [19,20]. Other forms of general 
corrosion are tamlshing of silver or green patina associated with the 
corrosion of copper. This type of attack is mostly found where a metal is 
in contact with an acid or a humid atmosphere. It is the least harmful 
because the rates of corrosion can be measured and predicted. Some 
common methods used to prevent or reduce uniform corrosion are 
coatings, cathodic protection and inhibitors. 
2.1.2 Galvanic COrrosion 
Galvanic corrosion occurs when two different metals are in electrical 
contact and immersed in the same corrosive solution or environment 
[19,20]. When dissimilar metals are placed in an electrolyte, they assume 
different corrosion potentials. Hence, the potential difference is the 
driving force for galvanic current flow [19]. The less noble metal in the 
galvanic couple will become the anode and experience corrosion, while the 
more noble metal (cathode) will be protected from corrosion. Common 
methods used to reduce or prevent this type of corrosion are to choose 
the metals that are close together in the galvanic series, use an anode 
area as large as possible, insulate dissimilar metals from each other, and 
cathodic protection [19,20]. 
2.1.3 Crevice COrrosion 
Crevice corrosion is a form of localized corrosion which occurs in a crevice 
formed between two surfaces, one at least of which is a metal [19,20]. It 
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Is caused by depletion of oxygen in the crevice. Consequently oxidation of 
the metal occurs and electrons from this electrochemical reaction are 
conducted through the metal to the adjacent external region, where they 
are consumed by the reduction reaction. Crevice corrosion can be 
prevented by using welded instead of riveted or bolted jOints, frequently 
removing the accumulated deposits, designing containment to avoid 
stagnant areas and ensure complete drainage of flUids [19,20]. 
2.1.4 Pitting ColTOSion 
Pitting corrosion is a localized form of corrosion which results in small 
holes or perforations through the material, but with little measurable 
general metal loss [19,20]. Pitting has the same mechanism as crevice 
corrosion in stainless steels [20]. Some of the methods used to reduce or 
prevent pitting corrosion are to use alloys with high content of chromium, 
molybdenum and dissolved nitrogen. The use of cathodic protection is 
also effective against pitting. 
2.1.5 Intergranular Corrosion 
Intergranular corrosion is due to the formation of chromium carbides at 
high temperatures in the range of 425 to 815°C [19,20]. These form 
preferentially at the grain boundaries thus reducing the chromium content 
and resulting in low corrosion resistance around the grains. Materials can 
be protected by subjecting the sensitized material to high temperature 
heat treatment to dissolve chromium carbides, to lower the carbon 
content to 0.03 wt% so that carbide formation Is minimal and to alloy with 
other elements such as niobium or titanium, which has a grater tendency 
to form carbides than chromium [20]. Hence chromium will remain in 
solid solution. 
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2.1.6 Selective Leaching Corrosion 
Selective leaching corrosion is found In solid solution alloys and occurs 
when one active element is preferentially removed as a consequence of 
the corrosion process [19,20]. De-alloying of brass, known as 
dezincification, is a common example of selective leaching corrosion. It 
can be reduced by small additions of phosphorous, arseniC, or antimony 
[20]. 
2.1.7 Stress Corrosion Cracking and Corrosion Fatigue 
Stress corrosion cracking results from the combined action of applied 
tensile stress and a corrosive environment. Corrosion fatigue occurs 
under cyclic stresses in a corrosive environment [19,20]. To reduce or 
eliminate these types of corrosion, is to lower the magnitude of stress, to 
use an appropriate heat treatment to remove residual thermal stresses, 
cathodic protection and control of the environment by lowering the 
concentration of the oxidizing agents. 
2.1.8 Erosion-Corrosion 
ErOSion-corrosion is the corrosion of a metal which is caused by a 
combination of corrosive flUid and a high flow velocity [19,20]. It is 
characterized by surface features with a directional pattern which are a 
direct result of the flowing flUid. Abrasive particles in suspension or high 
velocities erode away the film, leaving the exposed metal surfaces which 
then suffer high rates of corrosion. Some of the best ways to reduce or 
eliminate erosion-corrosion is to change the design, to eliminate fluid 
turbulence and impingement effects, to use abrasion resistant coatings 
and to add inhibitors [20]. 
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There are also other types of corrosion that are widely prevalent in 
furnaces, petrochemical and chemical industries as a result of hot gases in 
the form of high temperature corrosion [1,21]. High temperature 
corrosion of alloys is a fairly complex process that typically Involves scale 
formation and subsurface degradation [22]. It can be classified into 
different forms such as [1,21]: 
" Oxidation 
" Sulphidation 
" Nitriding 
" carburization 
Oxidation is a process whereby oxygen at high temperatures reacts with a 
metal to form the surface oxide that may protect the underlying metal. At 
high temperatures some materials are rapidly oxidized and the oxide film 
may also thicken into a non-protective scale with various defects including 
cavities, micro-cracks, and porosity [20]. It causes loss of material 
thickness and also reduces the amount of certain alloying elements in the 
material that react with oxygen [23]. The oxidation resistance of the high 
temperature alloys, such as stainless steels is based on a protective 
chromium oxide layer [20]. 
Sulphidation involves the formation of sulphides in the metal, through 
reaction with sulphur, and results in intergranular pitting of the 
components [23]. The corrosion rate is increased with increasing 
temperature. Chromium is an important alloying element in resisting 
sulphidation and addition of nickel generally increase the susceptibility to 
sulphidation attack, high nickel alloys being particularly susceptible to 
sulphidation attack. 
Nitriding occurs when metals are exposed to nitrogen bearing 
atmospheres where nitrogen diffuses into the metal, thus precipitating 
nitrides in the metal matrix and at grain boundaries [23]. Precipitation of 
nitrides leads to embrittlement of the metal. Iron-based alloys are more 
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susceptible to nitriding than nickel-based and cobalt-based since the 
alloy's resistance is enhanced by increasing the nickel content. 
The present study is centred on carburization. Carburizatlon is a 
mechanical property degradation caused by carbon ingress into the alloy 
and subsequent formation of internal carbides [24-27]. It occurs in 
carbon bearing atmospheres at temperatures above 4000 e and a carbon 
activity less than one (ac<l). Metal dusting is a catastrophic form of 
carburization which occurs in a strongly carburizing atmosphere with ac> 1 
at intermediate temperatures of 400 - 900oe. It causes severe pitting or 
uniform thinning of the affected material. When it occurs, it causes 
unSCheduled process shutdowns which results In a loss of profit. It also 
increases the maintenance expenditure. Preventing metal dusting in 
industrial processes is essential to achieve high economiC efficiency. 
Research on metal dusting has been going on for some years but the 
reaction mechanisms of it are not always dear [28,29]. The literature on 
metal dusting is not as widely available as other types of corrosion. Alloys 
that can resist metal dusting are able to form a protective oxide film which 
blocks the ingress of carbon. The present study evaluates the resistance 
of commercial alloys to metal dusting. 
2.1.9 Commercial Alloys Currently Used In Petrochemical and Chemical 
Industries 
This section gives a brief description of the high temperature resistant 
alloys that are commonly used in the chemical and petrochemical 
industries. The nominal compositions of all the alloys diSCUssed below are 
shown in Table 2.1. 
HAYNES® 214TM alloy (alloy 214) is a nickel-chromium-aluminlum-iron 
alloy and is produced in the solution heat-treated condition [30]. It Is 
used for high temperature applications, for Instance, at 955°e and above. 
It is said to exhibit outstanding resistance to oxidation due to the 
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formation of an Ab03 scale which forms in preference to a Cr203 scale at 
high temperatures. Alloy 214 is also said to exhibit excellent resistance to 
carburization, nltridring, and corrosion in chlOrine-bearing oxidizing 
environments. It is used in the heating industry as a refractory anchor, 
furnace flame hoods, and rotary calciners for processing chloride 
compounds. 
HAYNES® HR-120™ alloy (HR 120) is a solid-solution-strengthened heat 
resistant alloy that exhibits excellent strength at high temperatures [30]. 
It is said to exhibit very good resistance to carburizing and sulphurdizing 
environments. It also exhibits good resistance to oxidizing environments 
up to 120SoC. HR 120 is manufactured in the solution annealed condition. 
It is used in corrugated boxes for carourizing furnaces, used to carourize 
large gears for ships at commercial heat treatment operations. 
HAYNES® HR-160™ alloy (HR 160) is a nickel-cobalt-chromium-silicon 
alloy and solid-solution-strengthened alloy [30]. It is said to be a high 
temperature corrosion resistant alloy that provides excellent reSistance to 
sulphidation and chloride attack in both a reducing and oxidizing 
environments. It has exceptional good resistance to oxidation, 
carburization, metal dusting and nitriding. It is used in petroleum refinery 
processes and nuclear waste indnerators. 
INCONEL OIl alloy 230 (Alloy 230) is a carbide strengthened nlckel-
chromium-tungsten-molybdenum alloy with an exceptional combination of 
strength, stability, and resistance to corrosion at very high temperatures 
[31]. It has good resistance to oxidation at temperatures greater than 
980°C and also offers good resistance to carburization and nltriding. It 
can be used in the petrochemical processing, heat treating and metal 
refining industries. 
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Table 2.1: Nominal compositions of various alloys used in the 
petrochemical industries [30-33}. 
- .. - . - _. - . _.- . - . - .- _.-
II 21 75 ' 3 15 0.2 4.5 0.5 Y,B, 
4 Zr,C 
HR120 37 33" 125 06 0.1 2.5' I 0.7 . $<'rt-+Cb,N;""=, 
HR 160 37~ 2~ 28 2,75 
B,C 
l' 0.5 "i2$ c;;;-
C 
2s3MA 10· G 20' I =,--t--+-t-ioz: . s;c,:-
12 22 2.0 N,P,C 
" '3'20'~ 10· 0.3'113'!s" P,5, 
230 24 0.75 o 50 3.0 10 15 La,S 
GR309 12· , 22· l' 2' P 
15 24 
" 72 14· Q:5"rl---+-.---t-:,rr,-+-H-,ccco,,---i, 
600 17 5 
" jss:' , -,,:--t-;;-OS.cti-, ;;-;0"1.O-,!. ---t--;;"rl--t-t--t-",--1Co 
601 63 
Alloy 13 2.5 27- 0,5~ l' - - 1~  
693 6.0 31 Nb 
" f5s' 7·11 27· --o:s<rr--. +-+Oom-.5,-. +-.+.+s:c;;-
690 
Alloy 130-
BOOHT 35 
31 
23 
maximum and I 
0.25 
0.60 
Ti + I 
AI=0,8-1 
1.2 I 
INCONEL'" alloy 600 (Alloy 600) is a nickel-chromium-iron solid-solution 
alloy [311. It has good resistance to oxidation, carburization, and 
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sulphidation at moderate temperatures, but is subject to sulphidation in 
high temperature sulphur containing environments. It Is used extensively 
in the chemical and heat treating Industries. Its application includes 
heaters and nuclear reactors. 
INCONEl (8) alloy 601 (Alloy 601) is a nickel-chromium-iron solid-solution 
alloy [31]. It exhibits outstanding resistance to oxidation and is also 
resistant to carburizatlon, sulphldation and nltriding. It is used in 
petrochemical processing as a catalyst generator and air pre-heater In the 
manufacturing of high density polyethylene. 
INCONEl(8) alloy 693 (Alloy 693) is a nlckel-chromium-lron-aluminium 
solid-solution single-phase alloy [31]. It is a newly developed alloy from 
Special Metals in the United Kingdom. It has better resistance to metal 
dusting in chemical and petrochemical processing environments than the 
conventional alloys currently manufactured. Alloy 693 is said to offer 
excellent resistance to oxidation, carburization and sulphidation. It is 
used In petrochemical industries, thermal procesSing, and burner nozzles, 
and high temperature fuel cell reformers. It is used as reformer tubes, 
tube ferrules, baffle plates and valve components. 
INCONEl (8) alloy 690 (Alloy 690) is a high chromium-nickel solid-solution 
alloy [31]. It is resistant to oxidizing atmospheres and has good 
resistance to sulphldation and carburlzation. It Is used in coal-gasification 
units, burner and ducts for processing sulphuriC acid and furnaces for 
petrochemical processing. 
INCOlOV- alloy 800HT (Alloy 800HT) is a nickel-iron-chromium solid 
solution alloy [31]. It is said to exhibit excellent resistance to oxidation 
and good resistance to carburizlng atmospheres at 925°C to 980°C. It 
also has good resistance to many sulphur-bearing atmospheres at high 
temperatures and nitridlng atmospheres. It Is used In the hydrocarbon 
processing industry, hydrocarbon reforming for catalyst tubing, convection 
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tubing, pigtails and high temperature heat exchangers in gas-cooled 
nuclear reactors. 
253 MA Is a fairly low nickel content alloy that has good resistance to 
oxidation and excellent resistance to sigma phase precipitation [32]. It 
also exhibits good resistance to sulphur-bearing gases in an oxidizing 
atmosphere. It is used in furnace components including burners, radiant 
tubes, refractory anchors, and petrochemical and refinery tube hangers. 
GR 309 is a highly alloyed austenitic stainless steel used for its excellent 
oxidation resistance, high temperature strength and creep resistance. A 
low nickel content ensures more resistance to sulphidation [33]. 
2.2 CARBURIZATION 
carburizatlon is an increase in carbon content on the surface of alloys due 
to interaction with a carbon rich environment at elevated temperatures. 
carbon monoxide and carbon dioxide can penetrate resistant oxides like 
chromia (Cr203) through pores, micro-cracks and other defects and 
subsequently carbon dissolves in the alloy until it reaches sufficient 
activity to precipitate carbides [20]. carburization has a significant 
influence on the corrosion behaviour of alloys Since carbon form internal 
carbides such as Cr~, Cr~2 and/or Cr~31 depleting the alloy matrix 
locally of chromium [34]. The formation of internal carbides leads to a 
volume increase and additional local stresses that affect the mechanical 
properties of the carburized alloy [35-37]. 
carburization is often enhanced in high temperature oxygen defiCient 
atmospheres containing water vapour, CO2, and/or CO [20]. In reforming 
processes, natural gas reacts with steam to form CO, H2, CO2 and a H20 
gas mixture, which are strongly carburizing and Slightly oxidizing to the 
alloy components. Hence metal dusting which is a severe form of 
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carburization is prevalent in reforming plants. Under highly carburizing 
environments (ac>l), the alloys are subjected to metal dusting. 
carburization processes are largely affected by the alloy composition, 
temperature and composition of the atmosphere [20]. These parameters 
determine the type of chemical reaction that occurs at the surface which 
results in carbon diffusion into the alloy [35]. 
2.2.1 Mechanism of C8rburization 
Austenitic alloys with higher solubility for carbon are more susceptible, 
and the ferritic stainless steels are often recommended for resistance to 
carburization [38]. carburizatlon is a high temperature corrosion 
phenomenon caused by carbon diffusion from the atmosphere into a metal 
or alloy component leading to internal carbide precipitation within the 
temperature range of 450 - 1000"'C. It can proceed by the following 
reactions when the environment contains CH4, CO, C02 and H2: 
lCO=CO" +C 
M+CO,,=CO+MO 
where M = Metal. 
(2.1) 
(2.2) 
(2.3) 
(2.4) 
From these equations carbon diffuses into an anoy until it reaches 
sufficient activity to form the internal carbides. carburization involves the 
following steps: 
1. CICO transport to the surface of the alloy 
2. C diffuse into the surface of the alloy 
3. Solid state reaction with Fe in the alloy or steel, Fe + C = Fe3C , resulting 
in carbide formation [39]. 
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2.2.3 Kinetics of carbon Diffusion 
Factors that influence the diffusion of carbon into the alloy are 
temperature and the microstructure of the alloy. The diffusion rate 
increases very rapidly with increasing temperature. At low temperature 
diffusion is faster in polycrystalline than in single crystal materials, 
because of the accelerated diffusion along the grain boundaries and 
dislocations. Diffusion is faster in alloys with fine grains than alloys with 
coarse grains. Often It is necessary to know how fast diffusion occurs or 
the rate of mass transfer. This rate is expressed as a diffusion flux (J). 
J=-D dC 
dx 
(2. 5) 
where, 0 is the diffusion coeffiCient (m2/s) and is a temperature 
dependent diffusion coeffiCient related to temperature according to [19] 
where, 
D=D eIj-~) 
• , RT 
dC = concentration gradient (Kg/m4) 
dx 
(2.6) 
Do = a temperature independent pre-exponential (m2/s) 
Qd = the activation energy for diffusion (J/mol) 
R = the gas constant, 8.314 J/mol.K 
T = absolute temperature (K) 
The minus sign in the equation means that the diffusion is down the 
concentration gradient, from a high to a low concentration. The driving 
force for diffusion in equation (2.5) is the concentration gradient. 
2.3 METAL DUSTING 
Metal dusting is a high temperature corrosion phenomenon that leads to 
the disintegration of engineering metals and alloys into dust consisting of 
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fine metal particles or alloy, carbon and carbides [40]. The corrosion 
products are carbonaceous deposits known as "coke". It occurs in a 
strongly carburising atmosphere with a carbon activity greater than one 
(a, >1) at intermediate temperatures, 400-800'C. Metal dusting is 
prevalent in atmospheres containing carbon dioxide, carbon monOXide, 
natural gas and hydrocarbons. 
Metal dusting causes pitting or uniform thinn·lng of metals and alloys. 
Examples of alloys attacked by metal dusting are shown in Figure 2.1 and 
Figure 2.2 below [41]. Metal dusting is of concern Within petrochem·lcal 
industries and results in unscheduled process unit shut downs and loss of 
production. It is also a concern in steel industries, internal combustion 
engines, waste heat boilers, carbon dioxide cooled nuclear reactors, coal-
gasification components, in methanol proouction, in hydrocarbons and 
ammonia synthesis and syngas generation [5,34,42,43]. 
Figure 2.1: SEM photographs showing pits left by growing coke 
protrusions on alloy 803 (34% Ni-27% Cr-37.21% Fe) with (a) large 
grain size and (b) small grain size after 370 hours, (c) the bottom of a pit 
and (d) graphite filaments at the pit bottom [41]. 
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Figure 2.2: Alloy 800 (32% Ni-200/0 Cr-38% Fe) attacked by metal 
dusting. Pits are evident towards the right. It was el(posed to syngas at 
780°C. 
2.3.1 Mechanism of Metal Dusting 
Metal dusting occurs as a result of carbon diffusion from a carOOnaceous 
atmosphere into the alloy or metal. Carbon can diffuse into the alloy or 
metal by one of the following reactions if present in the carburizing 
atmosphere: 
CO + H,_H,O+C (2.1) 
2CO=CO,+C (2.2) 
CH. - 211, +C (2.3) 
Nickel and nickel-based alloys, iron and iron-based alloys are the most 
common metals and alloys used for high temperature applications. The 
mechanism of metal dusting for pure iron and iron-based alloys are well 
understood but, for nickel and its alloys, the mechanism is not as clear as 
that of iron and its alloys. Metal dusting of iron and iron-based alloys was 
found to be slightly different from nickel and nickel·based alloys 
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[6,17,25]. Sz.akalos et al has proposed that there are three main metal 
dusting mechanisms operating depending on the alloy composition 
denoted Type I, Type II and Type III [28]. Type I involves the formation 
and decomposition of metastable carbides; Type II involves graphite 
formation into and Inside the Ni-containing matrix and disintegration of 
the matrix and Type III involves an active corrosion with carbon and 
oxygen. 
2.3.2 Mechanism of Metal Dusting of Iron and Iron-based Alloys 
The following metal dusting mechanism is classified as the Type I 
mechanism [28J. Carbon diffuses Into the metal and reacts with Fe to 
form cementite, Fe,C. The following reaction sequence occurs on Fe and 
low alloy steels [8,17,39,40,44]: 
1. Transfer of carbon into the metal phase and super saturation of the 
metal with dissolved carbon; 
II. PreCipitation of feJC at the surface and at the grain boundaries; 
III. Deposition of graphite from the gas atmosphere onto the fejC, 
which is at the surface; 
IV. The start of FeJC decomposition under formation of graphite and 
metal particles and; 
V. Further graphite deposition, catalyz.ed by the metal particles. 
This mechanism is depicted schematically in figure 2.3 [17J. When the 
carbon activity is greater than one, carbon diffuses into the metal and 
form cementite. The formation of cementite acts as a barrier to further 
carbon ingress, hence, the carbon activity at the surface rises and 
graphite nucleates. Nucleation of graphite decreases the carbon activity 
to one (a,,=1) as depicted in Figure 2.3a and thus Fe3C becomes unstable. 
The cementite decomposes to graphite and iron by growth of graphite into 
cementite f171. 
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Figure 2.3: Schematic illustration of metal dusting mechanism of Fe, low 
alloy steels and Ni, (a) Carbon transfer into the metal and over 
saturation, (b) Nucleation and growth of Fe,C in Fe and low alloy steels, 
(c) and (d) Nucleation and growth of graphite into Fe. C by C atoms 
attaching to the lattice plane of graphite, (e) Carbon filaments with metal 
particles at the tip after disintegration, (f) Steady state metal dusting of 
Fe and low alloy steels at temperature less than 600°C, inward growth of 
Fe,C which disintegrates outward under coke formation, (g) Steady state 
metal dusting of Fe .. nd low .. 11oy steels at temper .. tures greater than 
700 DC, formation Fe layer between Fe3C and coke, carbon diffUSion 
through this layer and final disappearance of Fe,C [17]. 
- - - ---------
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2.3.3 Metal Dusting of Nickel and Nickel-based Alloys 
The reactions occurring for nickel and nickel-alloys are almost the same as 
for iron and iron-alloys, but different with only one step. For nickel and 
nickel-based alloys, there is no formation of intermediate metastable 
carbides [17]. After saturation of the matrix by carbon, the saturated 
matrix directly decomposes into metal particles and graphite. Pippel et al 
showed that alloying of iron with nickel changed the mode of 
disintegration [45] 
When a nickel concentration of about 10 wt% is present In iron, the alloy 
will diSintegrate directly as in nickel and nickel-based alloys [45]. Muller-
Lorenz et al have also observed that HK40 (a 53.90/0 Fe, 25.6% Cr and 
20.50/0 Ni alloy) disintegrated directly without forming cementite layers. 
This type of mode is normally observed in nickel and nickel-based alloys 
[46]. Szakalos et al observed that Type II and IU may occur 
simultaneously in austenitic stainless steels and Type IU in nickel-based 
alloys and high alloyed steels [28,47]. The Type II metal dusting 
mechanism Involves graphite formation Inside the carbon supersaturated 
alloy matrix; consequently the matrix disintegrates into small metal 
partides. 
The partldes continue to disintegrate until they are too small to nudeate 
graphite and this leads to the formation of nano-particles of Type IV. Type 
IV Is a continuous disintegration of small particles. Type III is an active 
corrosion by carbon and oxygen. carbon diffuses into the alloy and 
carbides are formed. The carbides that are formed are selectively 
oxidized by free oxygen from the dissociation of CO or H20. 
Consequently, free carbon is released which forms carbides and graphite 
again. The process is repeated over and over again until the alloy is 
consumed. Type II, III, and IV are depicted in Figure 2.4. 
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figure 2.4: Schematic metal dusting mechanism chart for nickel-based 
aUoys and austenitic stainless steels. Dashed arrows denotes a catalytic 
carbon reaction, which Is not primarily included in the metal dusting 
process [47]. 
2.3.4 Metal Dusting of High Alloyed Steels 
Basically the mechanisms here are the same for nickel or iron, but some 
additional steps are conSidered, as depicted by the diagram in Figure 2.5 
[17]: 
I. The protective oxide scale fails at some weak point in the surface 
and a virgin material is exposed to the environment; 
II. carbon diffuses into the metal and reacts with carbide forming 
elements in the alloy to form stable carbides, M234 and M7C3 with 
Cr as the main component and MC with M = Ti, Zr, V, Nb, Wand 
M02C, A zone with internal carbide precipitates Is formed (Figure 
2.5b) and this region is oversaturated with dissolved carbon; 
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III. After saturation the remaining iron or iron-nickel matrix disintegrate 
by one of the mechanisms described in sections 2.3.2 and 2.3.3, 
and fine metal particles are formed; 
IV. The fine metal particles act as a catalyst for further carbon 
deposition and outgrowth of coke from the pit which is starting to 
grow from the "weak point" (figure 2.Se). If the OXide scales have 
inclusions or cracks and are thick, flat pits are formed. If the oxide 
scales are strong and stable, pits are likely to be hemispherical. 
figure 2.6 illustrates the formation of a hemispherical region which 
will lead to hemispherical pit formation [48]; 
V. When the metal matrix is subjected to disintegration by metal 
dusting; simultaneously the carbides M23C3, M7C3 and MC are 
oxidized and spinels are also formed such as (Mn,fe)Cr204. The 
spinel OXides spaUed off during the metal dusting process are 
retained in the carbon deposit 
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Figure 2.5: Schematic of the metal dusting mechanism in high-alloy 
steels. The additional steps are: (a) Oa:urrence of a defect in the oxide 
scale and (b) intemal carbide formation, (e) formation of 11 metastable 
intermediate carbide, (d) decomposition of the now unstable carbide to 
carbon and metal particles, and (e) outgrowth of coke by graphite 
deposition on metal particles [8]. 
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Figure 2.6: Illustration of the equidistant diffusion of carbon from a 
localized defect in the protective oxide scale that results in the saturation 
of a hemispherical region with carbon [48]. 
2.3.5 Characteristics of Coke 
Carbon deposition from environments onto alloys leads to the 
disintegration of alloys into a powdery mixture consisting of fine metal 
particles of the base alloy, graphite, and sometimes carbides and oxides 
[17,49]. These corrosion products are known as "coke" [8,50J Coke is 
removed by flowing gases in plants leaving pits and grooves in the 
affected metal surface [17J. In the laboratory Simulation of metal 
dusting, coke can be retained and analyzed. Han et al have observed that 
the amount of coke protrusion was large on alloys with bigger grains when 
compared to alloys with small grams [41J. 
A SEM micrograph of coke protrusion is shown below in Figure 2.7 [41J. 
The coke protrusion consisted of graphite filaments, particles of metals 
and oxides. 
--- ---------------
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Figure 2.7: (al and (b) Coke growing from alloy 803 (34% Ni-270f0 Cr-
37.21% Fe), (el filamentous graphite "nd (d) met". particles at tip of 
graphite filaments [41]. 
The morphology of graphite in the coke is categorized into three types 
[51,52J. The first type is porous graphite clusters with embedded iron-
containing particles, the second type is compact bulk graphite with 21 
uniform thickness and a columnar layered structure, and the third type is 
filamentous carbon with iron-containing phases at the tip. The gas 
composition affects the morphology of the graphite. Figure 2.8 shows the 
morphology of graphite on the samples with different composition of the 
gas mixture. For gas mixtures with low CO content (1-5%), porous 
graphite clusters were observed. With high CO contents, two layers of 
graphite were observed [51,52J. The Inner parts consist of 21 mixture of 
porous graphite clusters and inter-woven graphitic filaments. The outer 
part consists of a uniform thickness and a columnar dense layer. 
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Figure 2.8: 5EM observation of the graphite morphologies of iron samples 
after earburization for (a) 21.5 hours with 1% CO, {bl 5 hours with 5% 
CO, (el 4 hours with 30% CO, (d) 2 hours with 50% CO, {el 2 hours with 
75% CO and (f) 2 hours with 95% CO in CO-H-O.2% H2 0 [52]. 
2.3.6 Thermodynamics of Metal Dusting 
Carbon activity is a thermodynamic driving force for metal dusting and 
increases with a decreasing temperature. Metal dusting occurs when the 
carbon activity of the environment is greater than one at elevated 
temperatures [44]. The carbon activity or chemical potential of carbon 
can be used to measure the susceptibility to metal dusting. When the 
carbon actiVity of the gaseous atmosphere is much greater than one 
(ac»l), metal dusting have a propensity to be more severe. Natural gas 
reacts With steam to form a CO, CO" H2 and H20 gas mixture in syngas 
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reformer plants [53]. These products are robustly carburizing and 
somewhat oxidizing to the structural materials. carbon can be deposited 
onto the alloy by one of the following reactions [5,17,44]: 
CO+H'1.=H'1.0 + C (2.1) 
lCO = CO'1. +C (2.2) 
CHI. =lH'1. +C (2.3) 
y (2.7) CXHy =-H'1. +xC 
1 
The carbon activity of each reaction can be calculated as follows [5,8,17]: 
lCO=C0'1. +C 
(pcoY XKl Qc =-'--"'::"':"---'-PC02 
(2.8) 
(2.9) 
(2.10) 
(2.11) 
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where K is an equilibrium constant of a reaction and P is the partial 
pressure of the constituent gases. 
Increasing the system pressure increases the carbon activity for reaction 
(2.2) irrespective of the composition [5]. The carbon activity values will 
be the same for reactions (2.2) and (2.3) if the equilibrium gas phase 
prevails at high temperatures and/or for a long time since 
thermodynamically the gas composition will change to give the most 
stable composition [5]. As the temperature increases the carbon activity 
decreases while the dlffuslvlty and carbon saturation concentration both 
increases with increasing temperature [54]. Hence it is not easy to 
envisage which temperature will have the most severe action on the alloy 
surface. Dean used the carbon precipitation temperature (CPT), which is 
the temperature at which the carbon activity is unity, to envisage the 
metal dusting severity of a syngas [54,55]. The higher the CPT, the more 
aggressive the syngas will be and metal dusting will occur. 
The oxygen partial pressure, Po, is an Important factor which has an 
2 
influence on metal dusting resistance since the oxide scale formed act as a 
barrier for Inward diffusion of carbon in the alloy [5,17]. In the laboratory 
simulation of metal dusting environment, oxygen is available to the alloy 
by the following reactions: 
(2.12) 
(2.13) 
The initiation time for metal dusting to occur Is affected by the 
competition between the oxidation process to form a protective, stable 
and self repairing oxide scale on the alloy surface and the deposition and 
diffusion of carbon into the alloy [5]. If the alloy can develop a protective 
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oxide scale rapidly and early during exposure, subsequent deposition of 
carbon on top of the oxide scale can delay further ingress of carbon Into 
the alloy and hence the initiation of metal dusting [5,17]. 
Metal dusting occurs very fast in laboratory simulations since the partial 
pressure of oxygen is very low [5,17]. In industries, the partial pressure 
of oxygen Po is high enough that chromium rich alloys can be oxidized 
1 
before carbon deposition and therefore metal dusting in industries take a 
longer time when compared to laboratory Simulation. Metal dusting In 
laboratory simulation is more aggressive than in actual plants. For actual 
plants, metal dusting initiation can take months or years whereas in the 
laboratory, it can take days or even weeks. 
2.3.7 Factors Affecting Resistance to Metal Dusting 
This section describes possible ways of retarding carburizatlon and metal 
dusting or minimizing its occurrence. 
2.3.7.1 Formation of an oxide film 
It is believed that a dense uniform layer of chromla or alumina can 
prevent carburization on engineering alloys at least for a certain period 
[17]. Since carburization is the main cause of metal dusting, suppressing 
carburization therefore suppresses metal dusting for a certain period. The 
protective oxide film forms an effective barrier to further carbon ingress 
[15,56,57]. The success of surface oxide films in restraining metal 
dusting therefore depends on the specific process environment and the 
influence that it has on the oxide scale stability. It also depends on the 
ability of a damaged oxide film to repair itself. 
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The oxidation rate and diffusion of carbon in the alloy will be minimized if 
the oxide film has a combination of favourable properties that include 
(20): 
• The film must have good adherence, to prevent flaking and 
spalling; 
It The melting point of the oxide must be high; 
It The oxide must have low vapor pressure to resist evaporation; 
• The oxide film and the metal must have almost the same thermal 
expansion coefficient; 
It The oxide film must have high temperature plasticity to 
accommodate differences in specific volumes of the oxide and 
parent metal, and differences in thermal expansion; 
It The oxide film must have low electrical conductivity and low 
diffusion coefficients for metal ions and oxygen; 
• It must have good erosion resistance; 
• The scale must have good resistance to impurities such as deposits 
and ashes. 
Impermeability against aggressive components of the environment, such 
as carbon, nitrogen and sulphur is essential. carbon penetration into the 
alloy occurs by diffusion of carbon-containing molecules through the pores 
of the oxide films or scale. The carbon penetration is enhanced by creep 
of the materials a d/or in the condition causing cracking of the scales. 
When metal dusting occurs locally at defects on a stable oxide film, 
damage is manifested as pitting of the base metal at the oxide film defect 
site (17). The brittleness of the oxide film makes durability difficult and 
the oxide film can be damaged by partide abrasion or by internal stresses 
developed during the transient condition of pressure and temperature. 
The difference in the thermal expansion between the oxide films and the 
metal can create stresses that result in cracking or spalling of the oxide 
film. 
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2.3.7.2 Effects of various individual alloying elements 
The resistance of an alloy to metal dusting is strongly dependant on the 
alloy composition. Nickel in conjunction with chromium improves the 
high-temperature corrosion resistance in alloys. It also gives improved 
resistance to thennal cycling during the high-temperature oxidation. 
Carbon diffusivity and solubility is decreased with increasing nickel content 
and therefore retards carburization [11,17]. Nickel-based alloys were 
found to resist metal dusting more than iron-based alloys [53,58]. The 
alloy composition has a significant effect on the rate of metal dusting and 
also on the type of metal dusting mechanism that will occur. The kinetics 
of metal dusting becomes slower depending on the type of mechanism 
operating in the order I-II-III [28]. Szakalos et al has suggested that the 
alloy composition in Fe-Ni-Cr alloys detennines which metal dusting 
mechanism will occur. A chart of metal dusting mechanism as a function 
of composition is shown below in Figure 2.9 [28]. 
Ni 
Fe Cr 
figure 2.9: Schematic chart of the operating metal dusting mechanism as 
ill function of the alloy composition during metal dusting conditions In ill 
CO-atmosphere at &SOOC [28]. 
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An alloy with a higher nickel content, i.e., close to t he top corner of t he 
triangle will only suffer from the type II mechanism which is slower than 
type 1. Alloys with higher chromium content will be subjected to a type III 
mechanism which is slow, hence the incubation period for the initiation of 
metal dusting is prolonged. Nishiyama et al had found that an alloy with 
more than 30% Cr had high pitting resistance due to a formation of a 
stable chromium oxide scale [59J. Alloys with less chrome and less nickel 
contents are attacked within a short period as shown in Figure 2.10 [59J. 
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figure 2.10: formation of pits on the surfacl! of spl!ciml!ns I!xposl!d to a 
60% (0-26% H,-11.5% (0,-2.5% H,O gas mixture at 650"(. (a) 
isothermal, (b) cyclic test. Black dots-pitting after 1000 hours, grey 
dots-pitting after 3000-4000 hours and whitl! dots-no pitting after 5000 
hours [59]. 
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Silicon forms adherent resistance films alone and in conjunction with 
chromium. It is thought to reduce the solubility and diffusivity of carbon 
in alloys [15,17j. It is added at 2 to 3% levels to many iron and nickel" 
based chromium-bearing alloys to improve the corrosion resistance. 
Maier et al had done investigations on factors affecting metal dusting and 
found that silicon had a significantly beneficial influence upon the 
reSistance to metal dusting attack [15]. The 12% Cr-2.75% Si alloy 
behaved in similar manner to that observed for 25% Cr-20% Ni. The 25% 
Cr-20% Ni alloy resisted metal dusting with little evidence of attack. 
Aluminium forms protective oxide films, but at a lower rate than 
chromium. Alumina has been proven to resist carbon diffUSion into the 
metal matriX, but the kinetics of formation of this oxide film are, however, 
extremely slow at temperatures of 500 -800·C [36,47,60j. 
Chromium diffusion rates are higher in ferritic steels than in austenitic 
stainless steel and thus protective oxide films are more likely to heal 
rapidly at a low temperature in high chromium ferritic steels than in 
austenitiC steels [8j. 
Baker and Smith have shown that a high chromium and aluminium 
contents in combination with a high nickel alloy matrix performed better 
than other alloys in their laboratory test [53]. They also showed that 
titanium and molybdenum had a significant effect on the reSistance to 
metal dusting because they promote early carbide formation and provide 
diffusion blocking of carbon flux. Molybdenum, tungsten, niobium and 
titanium form carbides when they are present in the alloy, so as to reduce 
the depletion of chromium so that the protective chromia film can be 
formed f20]. Without these carbides forming elements, only chromium 
rich carbides M214, M,C, or Cr,C2 would be formed. Subsequent depletion 
of chromium due to chromium carbide fonnation reduces the capability of 
the alloy to form an adherent, protective, healable oxide film 
[11,17,53,58]. 
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2.3.7.3 Effects of sulphur 
Sulphur COln suppress the adsorption of carbon by forming a monolayer on 
the surface of steel, hence carburization and metal dusting can be 
prevented [6,8,39,40]. It can be introduced in the gas atmosphere as 
hydrogen sulphide (HlS) and will be adsorbed according to the following 
reaction: 
H,S_H,tS(wJ) (2.14) 
where SCad) is adsorbed sulphur. 
The adsorbed sulphur hinders two important steps of the metal dusting 
mechanism. The first step is the adsorption of carbon and diffusion of It 
into the steel surface, and the second step IS the nucleation of graphite 
[8,17,39J. Nucleation of graphite is needed for decreasing the carbon 
activity at the surface to start the decomposition of Fe]C. H;>S maybe 
added in some plants if it will not affect the production process since it 
tends to react with the catOllysts in the plants that use catalytic processes 
[8J. 
2.3.7.4 Thermal cycling 
Oxide films that are ductile at high temperatures are often brittle at lower 
temperatures. Most have different coefficients of thermal expansion than 
those of the metals from which they are formed, setting up thermal 
stresses when the temperature changes. Thus, an oxide formed at high 
service temperature may lose adherence to the substrate alloy, when 
cooled to lower temperatures, and become unprotective when cycling or 
periodiC heating and cooling occurs [20J. Cyclic oxidation of Cr,O] forming 
alloys can lead to spinel formation (FeCr,O.) and thermal cycling causes 
damage on the chromia scale. The chromia scale replenishes itself and 
- ~---------
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these processes recur, and as a result chromium level is lowered in the 
alloy [3,61J 
2.3.7.5 S(lrface finish 
Cold working the alloy by grinding the surface introduces dislocations in 
an alloy. Large numbers of dislocations serve as fast-diffusion paths for 
chromium to the surface to form a protective oxide scale [3,15,56]. The 
affected alloy regions recrystallized, forming a finer grained structure. 
The increased number of boundaries due to a refined grain structure then 
provides rapid diffusion pathways for chromium. The oxide scale prevents 
gas access to the metal and any consequent internal precipitation. 
Although the oxide scale spa lis readily during thermal cyding, it is qUickly 
reformed by relatively fast delivery of chromium along the grain 
boundaries to the surface [25]. 
Etching the alloy does not introduce dislocations that assist diffUSIOn. 
Chemically etched alloys cannot repair their scales as fast as ground alloys 
because chromium diffusion is slow. Hansel and co-workers had 
investigated the effects of surface finish [3]. They found that in general, 
the severity of metal dusting attack was greater for etched alloys than for 
ground alloys [3] The results of Hansel et al are shown in Figure 2.11. 
They show weight change kinetics for different reaction temperatures and 
two surface finishes (ground and etched). The results represent net 
values from any weight gain due to uptake of carbon and/ or oxygen and 
weight loss due to spallation of the oxide scale or disintegration of the 
sample. The weight versus time of exposure provides useful data about 
the susceptibility of an alloy to metal dusting and carourization. 
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Figure 2.11: Weight change kinetics for different reaction temperatures 
and two surfaOl'! finishes (ground and chemically etched alloys) during 
thermal cycling [3]. 
Grabke et al found that grinding the alloy surface prolonged the protection 
of an alloy against metal dusting [17,25] A ferritic structure and a high 
degree of surface deformation promote chromium diffusion to the surface 
and these factors favours the rapid formation of a chromium rich 
protective oxide scale [56,621. Piehl et al had observed that the thickness 
of the oxide scale had a strong dependence on the surface finish [62]. 
The more the surface of the material has been deformed, the thicker the 
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oxide scale and hence, the higher the resulting mass gains, see Figure 
2.12, A high degree of surface deformation increases t he diffusion 
coefficient of ch romium in alloys as illustrated by Figure 2.13 [62J. 
Consequently, chromium diffuses rapidly outward to the surface to form a 
protective oxide layer. 
80,,----
.r70 f-
' eo i" 
"!il,cu~d "~rdbla.s1Dd sandblas:ad 
(25 ~m) (150 ~ml 
Figure 2.12: The mass gain of a ferritic 12 wt% Cr steel for different 
surface finishes after 100 hours of oxidation at SggoC in Hz-2.S%HzO 
[62]. 
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Figure 2.13: Apparent diffusion coeffiCient (m'js) of chromium alloys 
deduced from samples of alloys with different surface finishes after 10 
hours of oxidation time [62]. 
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2.3.7.6 Effects of grain size 
Since chromium, aluminium and silicon are substitutional solute atoms, 
they require vacancies for diffusion [19J. Grain boundaries have regions 
with high concentration of vacancies. Reducing the grain size of the alloy 
enhances the resistance to metal dusting [6,17,41J. Alloys with small 
grain sizes have more grain boundaries than alloys with bigger grains. 
Reduced grain seize provides fast diffusion paths for scale-forming 
elements such as silicon, aluminium and chromium to the alloy surface to 
form a protective oxide scale. 
Han et al found that the alloy with large grains was severely pitted 
compared to alloy with small grain size [41]. Perez suggested that the 
oxidation behaviour of Fe-Cr-AI alloys depends on the gram size of the 
alloy and showed that a fine grained alloy containing 1 at. % less in 
chromium and aluminium than the coarse grained alloy reveals a better 
oxidation resistance [63J. Voisey et al also showed that refinement of 
grain size has a significant positive effect on the diffusion coefficient for Cr 
in the alloy [64]. 
2.4 SUMMARY 
It is apparent that metal dusting can occur in an environment containing 
carron with a carbon activity greater than one. A rather random attack of 
metal dusting occurring across all types of petrochemical plants makes it 
difficult to propose a reSistant material. Industnal experience shows that 
the environment places a big role on the propensity for metal dusting. It 
indicates, for instance, that if Alloy 600 is resistant in a heat exchanger for 
synthesis, it does not necessarily mean it will be reSistant in heat a 
exchanger of an ammonia plant. The environments are not exactly the 
same. The laboratory experience on metal dusting only serves as a gUide 
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on material selection since the exact environment on the plant cannot be 
Simulated in the laooratory. The gas mixtures used In the laboratory for a 
metal dusting corrosion test in the literature gives lower oxygen partial 
pressures and higher carbon activities than in the actual plants_ The 
laboratory environments are enhanced so that metal dusting can start 
almost immediately which is not the case in the plants. This enhancement 
is done so that plant designers can choose the likely resistant material 
since it would take a long time to get the results if the candidate materials 
were to be exposed to the plant environment and would also be very 
costly_ 
The rather unpredictable behaviour of Alloy 600 and 800 in different 
plants can be attributed to some change in the operati n condition in the 
plants, repairs or change of the material and sudden ingress of impurities. 
Impurities such as chlorine, forms chlorides which hinders the formation 
of protective oxides scales. Some plants m y have a high concentration 
of sulphur and some not, and sulphur is known to suppress metal dusting. 
In addition, Alloy 800 is a rather large grained alloy as compared to Alloy 
600 with fine grains. A fine grained material would form Cr-rich protective 
oxides rapidly than a coarse grained material, especially at relatively low 
temperatures. A fine grain microstructure provides fast diffusion paths for 
the transport of Cr, AI and Si to the surface. In general, the explanation 
for the apparent anomalies may lie with differences in the process 
environments that affect the stability of protective oxides films. The 
experiments carried out in this project were designed to serve as a guide 
for material selection by exposing different alloys to a specific 
environment in order to compare the performance of various candidate 
alloys for the PetroSA piant. 
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CHAPTER THREE 
EXPERIMENTAL METHODS 
3.1. MATERIALS 
The test materials used consisted of iron and nICkel-based alloys. The 
Iron-based alloys are alloy 800HT, GR 309 and 253 MA. The nickel-based 
alloys are alloys 214, 230, 600, 601, 690, 693, and HR 120 and HR 160. 
The HR 160 had higher silicon content than the other alloys. Alloy 214 
and alloy 693 had higher aluminium contents than the other alloys. 
Aluminium and silicon have a high affinity for oxygen and can form a 
protective oxide layer. Table 3.1 shows the nominal composition of the 
selected alloys. The data was obtained from the suppliers of the alloys. 
3.2. METAL DUSTING SIMULATION RIG 
An original furnace rig built by Andrew J. L. Vaughan was refurbished and 
used to accommodate bigger samples [65] The modified furnace rig 
consists of an alumina tube 1 (80 mm in diameter), an alumina tube 2 (50 
mm in diameter) wounded with a heating wire, a humidifier, quartz glass 
tube, cooling coils and a sample holder. Alumma tube 2 is inserted into 
the middle of tube 1. A quartz glass is inserted inside the alumina tube 2 
and the samples were placed inside the Quartz glass, the reaction 
chamber, as shown in Figure 3.1 Brass flange caps with O-rings seal 
closed the ends of the quartz tube. The flange caps provide port fittings 
for the gas flow and sample holder. Aluminium flange caps with an O-ring 
sf'al, closf>S thf' f'nds of the alumina tube 1. The flange caps provide port 
fittings for the cooling coils system, the power supply and the 
thermocouple attached to the heating wire. The metal dusting simulation 
rig is shown in Figure 3.2 and the outlet of the test gas in Figure 3.3. 
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Table 3.1: Nominal chemical composition of alloys selected for exposure. 
253 MA 10· 
i2 
B 20· 
22 
GR 309 12- B 22-
I 
693 
" 
15 24 
p 
5 
CU,S, 
Nb 
1.2 
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Figure 3.1: Diagram showing the construction of the tubes for a metal 
dusting rig; Tube 1 - alumina tube, Tube 2 - alumina tube wounded with 
a resistive heating wire inside Tube 2 and Tube 3, a quartz tube, is 
inserted in Tube 2. 
Figure 3.2: Metal dusting simulation rig covered with a meshed wire for 
protection. Samples are slide in and out of the reaction chamber by a 
sample holder attached to the rails shown. The arrow shows a sample 
holder. 
Alumina Tube (Tube 2) 
A heating wire was wound around the alumina tube and a K-type 
thermocouple was attached between the wire the alumina to mooitor the 
temperature of the tube wall. Ceramic cement was used to cover the 
wires so that they cannot move around. The maximum operating 
temperature is 650'C at a pressure of one bar for an uninterrupted period 
of one week. 
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Figure 3.3: The extraction system. The gas flows through the reaction 
chamber and flows out via the outlet into the metallic tube sheet and into 
the ventilation system. The arrOW shows a gas outlet. 
Humidifier 
It consists of a Perspex tube, 50 mm in diameter and 300 mm in height 
and filled with distilled water, see Figure 3.4. The test gas enters the 
water through a diffuser. The diffuser breaks down the gas into small 
bubbles to ensure faster transfer of water vapour to the gas. The water in 
the humidifier is held at a temperature of 20"C. The gas mixture enters 
the humidifier as CO-H, and leaves the humidifiers as a 74%CO - 24%H,-
2%H,O gas mixture r65]. Equilibrium was assumed to have been 
achieved inside the humidifier. The CO-H,-H,O gas mixture is then 
directed into the reaction chamber. 
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Figure 3.4: Comporlll'lnts of the humidifier, A - front view, B _ re1n view 
the humidifier. 
Sample Holder 
It consists of a K-type the!'"mocouple covered with a ceJ'"amlc sheath to 
protect it f rom the carburizing gas This tl'1ermocouple 15 used to m~sure 
tl'1e temperature of the samples. Ten alumina rods with a diameter of 1.8 
mm are attacl'1ed 011 top, illong the length of the thermocouple, as shown 
In f igure 3.5. 
3.3. ALLOY SAMPLE PREPARATION 
Ti"YO samples of about 3 x 13 X 20 mm from earn alloy i"Yere drilled with a 
2 mm hole near the top edge. The hole drilled on tile samples was used 
to hang the samples on the alumina rcx:Is attached to the sample holder, 
as shown in figure 3.5. The black covering over the alumina rods IS 
ceramic cement. 
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For the first exposure at 650~C for 500 hours, one sample was ground 
with 800 grit SiC paper and denoted "GRDN. The other sample was not 
ground and was denoted "ARD" (as-received).The samples were cut from 
a cold rolled plate. Each sample was given a unique identification by 
stamping a letter on its surface. For the second exposure at 500~C for 
268 hours, the same preparation performed for the first exposure at 
650 c C was carried out. For the third exposure at 500°C for 268 hours, 
one sample was heat treated at 850 0 [ for an hour in an inert atmosphere 
and was denoted "HT" (heat treated). The other sample was not heat 
treated and was denoted ~ARDN. After the sample preparations, all 
s.amples were cleaned with acetone and weighed before exposure. 
Figure 3.5: Specimen holder with a thermocouple at the tip and alumina 
radIO attaChed on it. The d<lrk covering over the alumina rods is a ceramic 
cement. Samples are hanged on the rods. 
3.4. TEST ENVIRONMENT 
The exposure of commercial alloys was conducted in a flowing CO-HrH:O 
gas mixture at temperature of 650°C and at pressure of about 1.2 atm 
The gas used was purchased as pre-mixed and was a binary H;,-CO 
mixture, composed of 75 vol. % H2 and 25 vol. % CO. Prior to passing 
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the gas into the reaction chamber, water vapour was introduced by 
bubbling the H,-CO mixture at a rate of 6 litres per hour through a 
humidification system held at a constant temperature of 20 c C to give a 2 
vol. % H20. Upon entry into the reaction chamber, the carburizing gas 
composition was 74% H2, 24% CO and 2% H,O. The atmosphere is 
strongly carburizing and slightly oxidizing. The carbon activity of the test 
gas was calculated from the following reaction and equation [l1J: 
CO+H,_H,O+C (3.1) 
(3.2) 
whereby the equilibrium constant, K, is given by the foll wing equation 
logK = 710% -7.496 ( 3.3) 
The equilibrium oxygen partial pressure was calculated from the following 
reaction and equation: 
H,V= H, I Jiv, (3.4) 
[ p P "'] 
"'G·) -RTlnK=-RTiD H,· (J , 
PH,o 
(3.5) 
fiG' is standard Gibbs free energy change for the above reaction and is 
given by l66J: 
AG' ~ 246400 54.8T (3.6) 
where T is the absolute temperature, R is the universal gas constant and 
P,'s are the partial pressures of the constituent gases [66]. 
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3.5. TEST PROCEDURE AND ANALYSIS 
The samples were introduced into the reaction chamber and purged with 
argon at room temperature for an hour. After that, the samples were 
heated until the test temperature (650 and 500°C) was reached. Argon 
was replaced by a carburizing and slightly oxidizing test gas mixture of 
CO-H,-H,O under a pressure of 1.2 atm. The flow rate was 6 litres per 
hour at standard temperature and pressure. After each period of 
exposure, the test gas was replaced by argon and the reaction chamber 
was let to cool to room temperature 
Samples were taken out and their visual appearance noted. The mass 
change of the samples was measured after each period of exposure. Each 
sample was weighed after removing the coke deposit by a soft brush and 
by ultrasonic cleaning in acetone. 
The pits on the sample surface were analyzed with a stereo-microscope 
and scanning electron microscope (SEM) eqUipped with energy dispersive 
spectroscopy (EDS) for chemical analySiS. The microstructures of the 
samples were studied by optical microscopy. The micro-hardness of the 
samples was measured with a Highwood (HWDM-3) Vickers's micro-
hardness tester machine with a load of 100 gf before exposure and after 
exposure to check the effects of any precipitation hardening process that 
might occur. Prior to exposure, the composition of the selected alloys 
were analysed by spark emission spectroscopy and scanning electron 
microscope with energy dispersive spectroscopy 
3.6. PLAN OF TESTING 
Three series of tests were carried out. The first exposure was conducted 
at 650"C (Experiment A) for a total of 500 hours. The main aim of the 
first exposure was to evaluate the effects of surface finish to metal 
dusting resistance. Six alloys in the table were exposed, see Table 3.2. 
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Table 3.2: The selected alloys exposed at 650°C and 500°C for a total of 
500 hours and 268 hours, respectively. 
---
f 
Alloy 600 Ground As-received 
HR 160 Ground As received 
253 MA Ground As-received 
GR 309 Ground As received 
Alloy 230 Ground As received 
Alloy 214 Ground As-received 
The second exposure was conducted at 50QoC (Experiment B) for 268 
hours. The main aim of this exposure was to evaluate the effects of 
surface finish and effects of temper<'lture and carbon activity of the 
environment. The effects on temperature and carbon activity of the 
environment were achieved by comparing the metal wastage of the first 
exposure <'It 65DoC and the second exposure <'It 500°C. The same types of 
alloys used in the first exposure were used for this exposure. The third 
exposure was conducted at 500 Q C (Experiment C) for 268 hours. The aim 
was to evaluate the effect of heat treatment prior to metClI dusting 
exposure. Five different alloys were exposed. The alloys selected are 
shown in Table 3.3. 
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TabLe 3.3: Selected aLloys exposed at 500"C for 268 hours. 
,----- -.~ - -- .. __ . -----
, 
, 
Alloy 601 HT As-received 
Alloy 690 HT As received 
Alloy 693 HT As received 
Alloy 800HT HT As received 
HR 120 HT As· received 
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CHAPTER FOUR 
RESULTS 
4.1 CHEMICAL ANALYSIS 
The composition of the alloys analyzed by SEM was different to the 
nominal composition shown in section 3.1. The difference between the 
nominal composition, spark emission spectroscopy composition and 
composition obtained from SEM could be attributed to the different 
techniques that are used to analyze chemical composition of metals. 
Spark emission spectroscopy used was specifically programmed to analyse 
stainless steels and low and high carbon steels, hence the newly 
developed alloys cannot be analysed accurately. In addition, to analyse 
the metal by spark emission spectroscope one has to select the type of 
the alloy in the proOrammed menu of the spectroscopy and most of the 
alloys were not in the programmed menu. Thus there exists a large 
discrepancy between SEM and spark emiSSion spectroscopy in the alloys 
that were not in the programme. The nominal composition serves as a 
guide for the composition of an alloy and not the exact composition. 
The chemical composition obtained by SEM will be used to explain the 
different behaviour observed in the exposed alloys. The chemical 
compositions of the alloys are shown in Table 4.1a and Table 4.1b. 
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Table 4.1a~ Chemical composition of alloys selected for exposure. 
HR 
";-0 ~~~t;;t-+--~+=+=+=--h~~ 
MA 
GR 
309 
Alloy 
600 
Alloy 
60> 
Alloy 
693 
Alloy 
690 
, 
Table 4.1b: Chemical composition of alloys selected for exposure. 
0.140 
58-63 B 21-25 0.5~ LO-
U 
62 17.55 16.14 4.02 
... _.- _ .. 
B 2.5- 27-31 0.5~ 2.5-
6.0 4.0 
68.9 12.3 17.19 0.22 1.39 
39 ';'t"·,,,-t--i 0.25· 
800HT ; 0.41 
Alloy tJl~jtl~l~l:::ifl~.~J.~O. :6:;0 1;.'~5T o~ •• T I ;,~J 0.171 ! 0.487 
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4.2 MASS CHANGE AS A FUNCTION OF TIME 
This section shows the mass change over time of all alloys during the 
experiments for two surface finishes viz. as received (ARO) and ground 
(GRD). For these purpose three types of investigations was carried out. 
The results represents the average mass change (mg/cm2) resulting from 
any mass gain due to uptake of carbon and/or oxygen, and mass loss due 
to spallation of the oxide surface layer or disintegration of the alloy (see 
again section 3.6) 
4.2.1 Alloy Exposure at 650°C for 500 hours (Experiment A) 
The main aim of the first exposure was to measure the corrosion rates 
and evaluate the effects of surface finish to metal dusting resistance at 
high temperature. All solid lines indicate as-received, whereas dashed 
lines indicate ground aUoys. 
Figure 4.1a and Figure 4.1b shows the metal wastage of the various alloys 
with exposure time for the as-received and ground conditions, 
respectively. From these two plots, in general, it can be seen that there 
was neither Significant mass loss nor gain after about 250 hours. The 
onset of metal dusting of alloys in the as-received conditions was 
observed after 300 hours and the rate of mass loss seemed to be much 
faster for the as-received alloys than the ground alloys. The behaviour of 
253 MA was rather unexpected since it seemed that 253 MA (ARD) 
performed better than 253 MA (GRO). 
After a total exposure of 500 hours, the most resistant (Figure 4.2) to 
metal dusting alloys in both the as-received and ground conditions were 
Alloys 230 and HR 160. The better resistance of these two alloys to metal 
dusting can be attributed to their high nickel, high chromium and very low 
iron content. The presence of high contents of tungsten and cobalt is also 
benefidal as they are carbide forming elements . 
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Fjgu~e 4.1: Mass change vs. time curves for the exposed alloys at 650'C 
with different surface finishes. 
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M ... ch.ng< of .110),> .ftcr 6110 hours 
Figure 4.2: Mass change of selected alloys aftl'lr a total I'lxposurl'l at 650"C 
for 500 hours. SOlid bars., as-receivedi striped bars'" ground alloys. 
4.2.2 Alloy Exposure at 500°C fo'-- 268 hours (Expe,--iment 8) 
The main aim of this exposure was to evaluate the effects of surface finish 
and effects of temperature and carbon activity of the environment. The 
effects on temperature and carbon activity of the environment were 
achieved by comparing the initiation and severity of metal dusting of the 
alloy in the first exposure at 650°C and the second exposure at 500°C. 
Figure 4 3a and Figure 4.3b shows the metal wastage of variOUS alloys 
with exposure time for the as-received and ground conditions, 
respectively. From these two plots, in general, it can be seen that the 
onset of metal dusting occurred earlier for both the as-received and 
ground conditions when compared to exposure at 650"C for all the alloys. 
For the as-received condition the onset now occurs after 100 hours, 
whereas for the ground surfaces the onset of metal dusting appears to 
occur at 200 hours. It would also appear that the as-received alloy, alloy 
214 (ARD) starts to show metal dusting after only 1 day of exposure. The 
behaviour of 253 MA is still an anomaly with the ground material 
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performing worse than in the as-received condition. Also, alloy GR 309 
now shows very high rates of corrosion in both the as-received and 
ground conditions (Figure 4.4). 
After the total exposure of 268 hours, the most reSistant alloys in the as-
received conditions were again Alloys 230 (ARD) and HR 160 (ARD), as 
shown in Figure 4.4. The onset of metal dusting 111 Experiment A occurred 
between 250 and 300 hours whereas the onset of metal dusting in 
Experiment B occurred after 100 hours. Nishiyama et al suggested that 
carbon activity can be considered as an index to represent metal dusting 
propensity [16]. The earlier onset of metal dusting of alloys In 
Experiment B can be attributed to the higher carbon activity of 500 at 
500"C as compared to 15 at 650"C for Experiment A. Thus the 
environment in Experiment A was more aggressive than in Experiment B. 
A much higher carbon activity ensures early carbon deposition and hence 
early onset of metal dusting as compared to a lower carbon activity. 
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Figure 4.3 : Mass change vs. time curves for exposed alloys at 500 D C with 
different surface finishes. 
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Figure 4.4: Mass change of alloys after a total exposure at 500'C for 268 
hours. Solid bars'" as-received; striped bars'" ground alloys. 
4.2.3 Alloy Exposure at 500°C for 268 hours (Experiment C) 
The aim of this exposu re was to evaluate the effect of heat treatment 
prior to metal dusbng exposure. The heat treatment was conducted in a 
vacuum furnace filled with argon. After the heat treatment, the surfaces 
of t he alloys were a bit dull in colour and that may be attributed t o t he 
heat treatment and reactions within the alloy since the atmosphere was 
inert. Figure 4.5 shows the metal wastage of various alloys with exposure 
time for the as-received and heat-treated conditions, respectively. From 
these plots, in general, it can be seen that the onset of metal dustinQ 
occurred after one day of exposure for Alloy 800HT (HT), Alloy 800HT 
(ARD) and HR 120 (HT). Alloy 601 (ARD) starts to Show metal dusting 
after 100 hours (4 days) whereas Alloy 60 1 (HT) showed metal dusting 
after 200 hours (8 days). The early Oflset of metal dusting can be 
attributed to their high iron content and low chromium content. The hiQh 
reSistance of Alloy 693 and Alloy 690 in either condition can be attributed 
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to its high nickel content and high chromium content. The effect of heat-
treatment prior to eXjXlsure seemed not to be obvious since the behaviour 
is not following any pattern. The microstructures of the alloys after heat-
treatment and before heat-treatment did not show any discernible 
difference. In addition, the micro-hardness before heat-treatment and 
after heat-treatment was also the same (see section 4 5). The mass loss 
difference between the as-received alloys and heat-treated alloys, as 
shown in Figure 4.6, may be due to experimental error, The final value of 
mass loss of Alloy 800HT (HT) is an estimated value as the sample was 
not placed back in the furnace due to excessive coking having occurred. 
It is interesting to note that Alloy 693 and Alloy 690 In both conditions 
were much more resistant than the other alloys to metal dusting, despite 
having lost more mass than Alloy 601 (see in Figure 4.6). The higher 
mass loss of Alloy 690 and 693 may be attributed to rapid oxidation and 
oxide spallation In addition, Alloy 601 (HT) and Alloy 601 CARD) were 
both attacked by metal dusting. 
Comparing the alloy performance in the as-received condition In 
Experiment B and Experiment C after 268 hours, all alloys showed severe 
pitting and hence they were attacked by metal dusting except Alloy 693 
and Alloy 690. The combination of rapid oxide spallation and 
disintegration of the alloys can be attributed to the mass loss observed, as 
shown in Figure 4.7. The mass gain can be due to carbon ingress and 
oxidation. 
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Figure 4.5: Mass change vs. time curves for exposed alloys at 500"C. 
M ... oh.nge of .llo),,! ~u., 2S1 hO,u 
'" 
------- -
Figure 4.6~ Mass change of alloys after a total exposure of 268 hours at 
500Q C. Solid bars = as-received; striped bars .. ground alloys 
UNIVlltSITY Of CAPE TOWN 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
j 
! 
! 
Results 64 
M ... chang e '" .lloy. 
• 
, .. ~. 
Figure 4.7; Mass change of different alloys after a total exposure to CO-
H,-H,O gas mixture at 500°C for 268 hours. All alloys are as-received. 
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4.3 SURFACE AND MICROSTRUCTURAL ANALYSIS 
This section shows the effects of metal dusting corrosion on the surfaces 
and on the microstructures of all the exposed alloys. It is divided into 
three categories, viz, severe metal dusting, mild metal dusting and no 
metal dusting (absence of metal dusting). Severe metal dusting is when a 
sample surface shows uniform wastage and I or wide localized or irregular 
pits covering almost the entire surface of the sample. Mild metal dusting 
is when a sample surface has few pits whereas the absence of metal 
dusting is when the sample surface shows no discernible pitting or 
wastage. 
4.3.1 Severe Metal Dusting Corrosion 
Table 4.2 shows all alloys that suffered severe metal dusting corrosion in 
experiments A, Band C. Experiment A was conducted at 650"( for 500 
hours and experiment Band ( were both conducted at SOOT for 268 
hours. 
Alloys that have suffer d severe metal dusting corrosion (Table 4.2) 
showed similar features as Alloy 600 CARD) shown below in Figure 4.8, 
and most of the pits have coalesced, giving an appearance of a uniform 
wastage. In addition, some showed erratiC pitting. Severe metal dusting 
occurred in both the ground (GRD) and as-received (ARD) conditions. 
Figure 4.8 shows pitting on the sample surface for alloy GR 309 (GRD) 
and uniform wastage on Alloy 600 (ARD) in experiment B The dark areas 
are pits and bright or light areas are the unaffected areas. 
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Table 4.2: Alloys that showed severe metal dusting for experiments A, B, 
and C, in different conditions, 
-_ .. 
Expet'lrnef.ltc Al'o" Expw ....... t A ExpefimMt • 
Alloy 600 • As-received • As"received No test 
• , Ground • Ground 
I GR 309 • As received 
, . As received No test 
• Ground 
- -------
253 MA • Ground • Ground No test , 
Alloy 214 ,. 
I 
As received • As received No test 
: • Ground 
, 
, 
, HR 160 , No test • As-received No test 
-
Alloy 230 No test • As received No test , 
, Alloy 601 , No test I No test • As received 
I 
----- -- -
Alloy BOOHT No test No test • As-received 
, • Heat-treated 
,___ _ __ --J 
HR 120 No test No test • As-received 
I • Heat-treated 
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Fi<;lure 4.8: Pitting and uniform wastage of GR 309 (ARD) and Alloy 600 
(ARD) after 268 hours (11 days) of exposure at 500°C, respectively. a) 
GR 309(ARD), b) Alloy 600 (ARDl and cl Alloy 600 (GRDl, all showing 
severe pitting. 
Alloy 600 (ARD) from experiment B showed err2ltic pitting after eleven 
days <!IS shown in Figure 4.8c The pits marked by a circle are shown at 
higher magnification in Figure 4.9. Since Oxide film is believed to provide 
protection for the alloy against metals dusting, it seems that where pits 
had not developed there was a protective oxide film. However, it appears 
that the pits had developed where there was less protection from the 
oxide film and the pits coalesced to form wider pits. The metal particles 
at the bottom of the pits acted as catalysts for further carbon deposition 
which led to the continuation of metal dusting in the pit area as shown in 
Figure 4.9 and Figure 4.10. Thus the bottoms of the pits were uneven. 
A quantitative analysis with EDS was done on the unaffected area marked 
"U" and inside the pit (Figure 4.9) to show that there is micro-segregation 
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of elements taken place during t he metal dusting process which leaves 
certain regions in the metal depleted of other elements, It is not dear 
how segregation of these elements took place during the metal dusting 
process.. I t was found that the unaffected surface was composed of 
17.55 wt% Cr, 8.12 wt% Fe and 73 79 wt% Ni. In contrast, the pit shown 
by the arrow was composed of 28,34 wt% Cr, 8.61 wt% Fe and 58.89 
wt% Ni, It is evident that the surface had a higher content of nickel and 
lower content of chromium wh€n compared to the pitS. The same 
phenomenon was observed for Alloy 600 CARD) i.e. in the as-received 
state, whereby the unaffected areas had higher contents of nickel and 
lower chromium contents. 
Figure 4.9: Alloy 600 (GRD) with tiny and big pits. The bottoms of the 
pits are uneven suggesting a continuation of metal dusting within the 
pits. 
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Figure 4.10: Pits had coalesced to give an appearance of a uniform 
wastage on Alloy 600 (ARC). The bright areas shown by the arrow are 
the unaffected area and the dark areas are pits. 
253 MA, GR 309 and Alloy 600 all 5uffered severe metal dU5ting in both 
the as-received imd ground conditions exposed at 650"( for 500 hours (20 
days). 253 MA (ARD) was badly Olffected, as shown in Figure 4.11a, 4.11b 
and 4.11c, re5pectively. In Figure 4.11a and 4.11b, 253 MA CARD) and 
GR 309 (ARD), respectively, had pits which have coalesced with the 
neighbouring pits to form Wide irregu~r pits. Loose particles can be seen 
at the ba5e of bigger pits 5uggesting a continuation of metal dU5ting in the 
Pit area. Furthermore, Figure 4.11c shows secondary pits within the 
primary pits. The secondary pits are white or bri<;,iht areas and the 
primary pits are dark areas, shown by arrows and the unaffected area is 
marked by a letter ~U". 
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Figure 4.11: Pitting of aJ 253 MA (ARD), b) GR 309 (ARD) and c) Alloy 
600 (ARO) after exposure of 500 hours (20 days) at 650"C in a CO-H 2 -
H2 0 gas mixture. 
At SOO·C, 253 MA and GR 309 in the as-received condition, suffered 
severe metal dusting as compared to the same alloys in the ground state. 
The attack was 50 severe that there was no longer unity between the 
grainS as shown in Figure 4.1221 and 412b. Some of grains had been 
detached and dislodged during the metal dusting process. The grain 
boundary attack is more profound in 253 MA CARD) than in GR 309 (ARD). 
The dark or black areas correspond to the missing grains as shown by 
arrows. A quantitative EDS analysis revealed that there was a higher 
chromium content (35.49 wt%) in the ," rains than within the Pits (20.99 
wt%). GR 309 (GRD) and 253 MA (GRD) showed no discernible grain 
boundary attack. 
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Figurl'l 4.12: Sevl'lre grain boundary attack in a) 253 MA (ARD) and b) GR 
309 (ARD) after 20 days of eXp05Ure at SOO·C. 
Alloy 214 suffered severe metal dusting in the as-received condition at 
650 C ( for 500 hours and mild corrosion in the ground condition. At 500°(, 
Alloy 214 in both the as-received and ground conditions suffered severe 
metal dusting. Both Alloy 214 (ARD) and 214 (GRD) showed intensive 
carbide precipitation within the grains and along the grains boundaries, as 
shown in Figure 4.13a. The bright area in Figure 4.13a is a carburized 
lOne and it looks grey at higher magnification as shown in Figure 4.13b 
In chromium steels and alloys, a typical carburised zone (zone with 
internal carbides) appears grey or black after metallographic etching since 
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the tiny partides formed at low temperatures are not discernible by optical 
microscopy [17]. A carburized zone ranging from 45 to 65 11m wide was 
observed in both Alloy 214 (ARD) and 214 (GRD). A jagged surface, 
marked by a circle, can be seen in Figure 4.13b at the top edge of the 
surface of Alloy 214 (ARD) corresponding to the disintegration of the alloy. 
This region is shown at higher magnification in Figure 4 Be. It shows 
small particles embedded in the coke, shown by arrows. These particles 
were separated from the parent material during the metal dusting 
process. 
" 
Figure 4.13: Metallographic cross-section of Alloy 214 (ARO) <lfter 500 
hours <It 650: <I) and b) optical microscope photos showing internal 
carbide precipitation and a carburized zone (bright area) and c) 
Backscattered electron diffraction image of the cross-section showing 
coke deposits. Alloys were electro-etched in an OX<llic acid. 
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The carburized zone was not observed for 253 MA (ARD) and was 
observed for 253 MA (GRD). The carburized zone in Figure 4.14a, was 
about 20 Jim in depth below the surface. Carbide precipitation was 
observed, largely along the grain boundaries within and near the 
carburized zone. Alloy 601, 800HT and HR 120 showed a carburized zone 
in both conditions A carburized zone was not observed where no pits 
developed, as shown in Figure 4.14b. A heavily carburized zone and 
intensive carbide precipitation along the grain boundaries and just below 
the carburized zone was evident in the heat treated samples in Figures 
4.14c-d. 
Figure 4.14: Microstructures showing a carburized zone and internal 
carburization: a) GR 309 (GRD), b) Alloy 601 (HT) and c-d) HR 120 (HT). 
The samples were electro-etched in oxalic acid which attacks carb,des. 
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Precipitation of carbides occurs mainly along the grain boundaries and 
tends to take the shape of the Qrain boundaries whereas inclusions are 
often small dots or round shape. Thus it would not be difficult to 
differentiate between an indusions and carbides. 
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Figure 4.15: Pits on the surface of HR 160 (GRD) and GR 309 (GRD) after 
268 hours of exposure at 500°C and Alloy 214 (GRD) after 500 hours at 
650"C: a) HR 160 (GRD), b) GR 309 (GRD) and c) Alloy 214 (GRD). 
Alloy 690 CARD) suffered mild metal dusting since few pits were observed 
on its surface as shown in Figure 4.17a. The pits were very small. The pit 
marked by a circle is shown at a higher magnification. Secondary pits can 
be seen within primary pits as shown by an arrow in Figure 4.17b. EDS 
analysis ins;de the pits revealed that the pits had a higher chromium 
content (50.47 wt% Cr) compared to the sample surface (29.22 wt% Cr) 
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figure 4.17: Local pitting of Alloy 690 (ARC) after 268 hours (11 days) at 
500°C. Secondary pits within primary ilre evident. 
Figure 4.18 shows the microstructure of HR 160 and Alloy 230 before 
exposure to metal dusting. The alloys were electro-etched in oxalic acid. 
The etchant attacks the carbides. HR 160 and Alloy 230 are austenitic 
structures with twin boundaries. Alloy 230 has secondary intra-granular 
carbides. After exposure the grain boundaries were attacked and these 
micrographs have similar features with micrographs that were observed 
by other researchers in the literature who analysed the type of carbides 
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observed inside ,1Ild along t he g rain JOundaries in t heir samples. Hence 
t hese featu res were assumed to be carbides. 
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Figure 4.18: Microstructures of HR 160 and Alloy 230 before exposure to 
metal dustin!;!: a) HR 160 and b) Alloy 230. 
Figure 4.19: Microstructures of HR 160 (GRO) and Alloy 230 (GRO) shows 
no evidence of a carburized zone after 268 hours of exposure at 500°C. 
IntenSive carbide precipitation: a) and b) HR 160 (GRO) and c) and d) 
Alloy 230 (GRO). 
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Figure 4.19 shows no evidence of carburized zone in both HR 160 (GRD) 
and Alloy 230 (GRD). Intensive carbide pr&ipitation within the grains can 
be seen in HR 160 (GRO) as shown in Figures 4.19a-b. Intensive carbide 
precipitation within the grams and along the grains can be seen in Alloy 
230 (GRO). 
4.3.3 Absence of Metal Dusting Corrosion 
HR 160 and Alloy 230 in both the as-received and ground conditions did 
not show any discernible metal dusting corrosion after 500 hours 
exposure to the gas CO-H,-H?O mixture at 650°C. Alloy 693 in both the 
as-received and heat-treated conditions also did not show any discernible 
metal dusting corrosion after 268 hours at 500°C, as shown Figure 4.20. 
In addition, Alloy 230 (GRD) and Alloy 690 (HT) showed no metal dusting 
after 268 hours at 500"C. 
EDS analySiS on the surface of Alloy 693 (ARD) revealed that the alloy 
surface had a nickel content of 54.7 wt% and a chromium content of 35.5 
wt%. In contrast, Alloy 693 (HT) had a nickel content of 47.63 wt% and 
a chromium content of 40.6 wt%. The high chromium content on the 
surface of Alloy 693 suggests that a CrlO] film had been formed, smce no 
metal dusting had been obserlled and in addition, it is believed Cr,O, 
provides protection against metal dusting [6,11,17]. Furthermore, the 
microstructures also show little or no evidence of carburization since 
internal carburization and the carburized zone is absent as shown in 
Figures 4.20c-d. 
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Figure 4.20: Alloy 693 showinll no evidence of metal dusting after 268 
hours exposure to the CO-H,-H20 gas mixture at 500°C: a) visual 
inspection, b) SEM surface, c) and d) microstructures of Alloy 693 (HT). 
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4.4 CHARACTERISTICS OF COKE DEPOSITS 
Throughout the experiments, the characteristics of coke deposition did not 
differ that much. The most observed forms of coke were coke nodules, 
coke protrusions (cones) and carbon plates. The type of coke formed is 
not peculiar to a particular type of alloy. Coke protrusions were observed 
on 253 MA in both conditions when exposed at 500°C. The characteristics 
of coke protrusions are shown in Figure 4.21. They grew from the alloy 
surface and tend to bend as they grow. The longest length observed was 
about 2 mm. The protrUSions tend to intertwine as they grew longer. 
After removal of the coke protrusions, deep localised pits were often 
observed. In contrast, after removal of coke plates, uniform wastage was 
often observed on the alloy surface. 
Figure 4.21: Growing coke protrusions on the sample surface of 253 MA 
at 500°C after 196 hours of exposure. The arrow points to the 
protrusions at higher magnification. 
Coke nodules were observed on the surface of the ground Alloy 600 after 
exposure at 500°C for 72 hours, whereas carbon plates and protrusions 
are observed on this alloy in the as-received state. The nodules were 
randomly dispersed on the alloy surface as shown in Figure 4.22. After 
removal of the coke nodules, localised pits were often observed. 
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Generally, the amount of coke deposit on grounded alloys was small when 
compared to the as-received alloys. A multiplicity of carbon plates were 
observed mostly on the as-received alloys. 
Magnified 2.5X 
Figure 4.22: Coke nodules on the sample surface of Alloy 600 after 
exposure at 500°C for 72 hours. 
Carbon plates seemed to form more often and rapidly at 50QoC than at 
650°C. Carbon plates observed on the sample surface of alloys GR 309 at 
500°C after 196 hours, are shown in Figure 4.23, The measured 
thickness of these plates was in the range of 3 to 6 mm. The carbon 
plates consisted of grap/lite filaments and metal particles. The formation 
of metal particles in the coke resulted from the disintegration of the alloys 
due to metal dusting. The coke deposits were examined by SEM and were 
found to consist of tang~d graphite filaments. A typical metal dusting 
coke consists of graphite and metallic particles. EDS analysis of coke 
revealed that It consists of 97.5-99.4 wt% C and other elements 
depending on the alloy composition, as shown in Figure 4.24. 
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Figurl'l 4.23: Carbon plates observed on GR 309 (ARD) after 196 hours 
exposure at 500"C in a CO-H,-H,O atmospherl'l. 
Figure 4.24: Typical EDS analysis of ml'ltal dusting coke. Thl'l table inset 
shows the range of elements found in the coke. Elements below 1 % are 
del'lmed not accurate and hence sulphur and iron detection within the 
coke is not accurate. 
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The carbon plates were observed on most of the alloys with high iron 
content. Carbon plates grew on the surface of the high iron content HR 
120 (HT). The carbon plates observed on HR 120 (HT) are shown in 
Figure 4.25. The plates (Figure 4.25a) are made up of tangled graphite 
filaments as shown in Figure 4.25b-c. Metallic particles can be seen at the 
tip and along the length of the filaments (Figure 4.25c). The small 
amount and size of the metallic particles in the coke limit the accuracy of 
the detection for elemental analysis due to the overwhelming coke matrix 
effect. However, the chemical composition of the particles embedded at 
the tip of graphite filaments were analysed by EDS attached to SEM. The 
particles are shown in Figure 4.2Sd. EDS spot analysis revealed that the 
particles were composed of 84.71 wt"l" C, 2.09 wt% Ni, and 12.59 wt% 
Fe, as shown in Figure 4.26. 
Figure 4.25: Carbon plates: a) multiple layers of ca~bon plates, b) 
filamentous g~aphite, c) filamentous graphite at higher magnification, 
and d) metal particles at the end of graphIte filaments (BackscaUered 
diffraction Images). 
--------
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Figure 4.26: EDS spot analysis of metallic particles obtained from HR 120 
(HT) coke. Elemenl:!i below 1% are deemed not accurate and hence Cr 
detection within the coke is not accurate. The main elemenl:!i are C, Fe 
and Ni. 
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4.5 HARDNESS MEASUREMENTS 
The micro-hardness after exposure to a carburizing atmosphere was 
expected to be higher at the surface that in the bulk material. A typical 
micro-hardness profile after metal dusting exposure is shown in Figure 
4.27a. The micro-hardness of the 253 MA before exposure and after 
exposure in both the as-received and ground conditions was plotted on 
the same graph. The load used was l00gf and the average value of 
between 6 to 9 indentations was recorded. The error bars indicate the 
scatter of values around the average value. In Figure 4.27, it can be seen 
that the micro-hardness value near the surface is higher for both the 
exposed as- received and ground conditions when compared to the 
unexposed 253 MA sample. In additkln, the hardness is also higher near 
the surface as compared to the bulk material at about 2.5 mm from the 
surface. 
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Figure 4.27a: Plots of measured hardness profile on the cross-section of 
exposed and unexposed Alloy 253 MA. 
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Since all other alloys showed similar micro-hardness profile patterns, only 
the micro-hardness near the surface (at a depth of about 45 jim) and in 
the bulk material (about 2.5 mm) are compared and presented. The 
density of carbide precipitation increases near the surface and then 
decreases with increasing distance below the surface. Most of the alloys 
that showed severe metal dustinQ at 650"C had the highest hardness near 
the surface due to carbide precipitation, dissolved carbon and a carburized 
zone near the surface (Figure 4.28). HR 160 and Alloy 230, which showed 
no metal dusting, had Similar hardness values in the unexposed and 
exposed ground conditions. Similar hardness values were recorded for 
alloys 253MA, GR 309 and alloys 214 after exposure in both the as-
received and ground conditions. In the bulk, the micro-hard ess of alloys 
253 MA, GR 309 and alloy 230 are higher after exposure than in the 
correspondinQ unexposed alloys (Figure 4.29). These alloys showed 
severe metal dusting or extenSive carbide precipitation. 
-
--
". " 
Figure 4.28: Vickers hardness near the surace for all exposed allovs at 
650'C for 500 hours near the surface. Error bars represent the maximum 
and minimum values. Legend: solid = unexposed; stripes'" as-received; 
cheQuered = ground surface. 
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Figure 4.29; The bulk Vickers hardness for alloys exposed at 650°C for 
500 hours. Legend: solid .. unexposed; stripes = as-received; chequered 
= ground surface. 
For the exposure experiments carried out at 500"C, all the alloys showed 
lower hardness values in both the as' received and with a ground surface 
when exposed to a CO-H,-H,O gas when compared to the tests performed 
at 650"(, for hardness indents taken near the surface and in the bulk (see 
Figures 4.30 and 4.31). The only exception appeared to be alloy 600, 
which had similar hardness values in the bulk after exposure for all three 
conditions as shown in Figure 4.31. Furthermore, whereas the hardness 
values in the near surface areas increased for all the alloys at 650"(, at 
500'( the results showed that the alloys either increased, decreased or 
remained the same for the ground and as"received cases. These 
phenomena will be discussed on an indiVidual alloy basis and depends on 
alloy content and test temperature. A closer examination of the data in 
Figure 4.30 reveals the hardness values were the same for alloys 600, 
230 and HR 160. Alloys 253 MA and alloy 214 showed an Increase In 
hardness of the exposed samples. Alloy GR 309 was somewhat of an 
anomaly because the as-received sample was much harder than the 
ground sample after exposure (Figure 4.30). The hardness values for all 
the alloys were either similar or lower in the bulk when compared to the 
near surface, at 500°C If we examine the data in Figure 4.31 closely, it is 
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observed that the hardness values in the bulk at a depth of 2,5 mm are 
similar for the three different conditions, It does appear though that there 
are two anomalies_ In alloy HR 160, the ground sample was lower than 
the unexposed sample, whereas the opposite was true for GR 309, 
-
Figure 4.30: Vickers hardness near the surface for all exposed alloys at 
SOO"C for 268 hours in the near the surface. Legend: solid = unexposed; 
stripes = as~received; chequered = ground surface. 
-
Figure 4.31: Vickers hardness in the bulk for all expo!red alloys at 500"C 
for 268 hours in the bulk. Legend: solid = unexposed; stripes = as-
received; chequered = ground surface. 
----------
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In the exposure experiment ( at 500"(, the hardness values for all the 
exposed alloys near the surface and in the bulk in both the as-received 
and heat-treated conditions were the same when compared to the 
corresponding unexposed alloys (Figures 4.32 and 4.33). Furthermore, 
the hardness for all the exposed alloys in as-received and heat-treated 
conditions near the surface showed higher or at least similar hardness 
values when compared to the bulk at a depth of 2.5 mm. 
Figure 4.32: Vickers hardness near the surface for all exposed alloys at 
SOO°C for 268 hours near the surface. l.egend: solid = unexposed; 
stripes = as-received; diamonds = heat-treated. 
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Figure 4.33: Vickers hardness in the bulk for all exposed alloys at 500·C 
for 268 hours in the bulk. Legend: solid", unexposedj stripes == as-
received; diamonds == heat-treated. 
4.6 REPRODUCIBITY TESTING 
Reproducibility tests were conducted on three alloys and the results 
superimposed on the original tests f r comparison as shown in Figure 4.34 
and Figure 4.35. The duration of the reproducibility tests was taken for 
196 hours. The shapes of the reprodUCibility graphs were similar to that 
of the original test for each of the three alloys that were examined. The 
measured percentage errors of mass loss after 196 hours for all selected 
alloys are shown In Table 4.4. The percentage errors for the 
reprooucibllity in Table 4.4 were found to be lower than 0.5%. Thus the 
experiments were deemed to be reproducible. 
The samples were placed in specific positions inSide the reaction chamber 
for the original tests at 500oC. The reproducibility tests were only 
conducted at 500oe. In this test the sample were placed in different 
positions. Since the results were then found to be Similar, the poSition of 
the samples inside the reaction chamber did not affect the deposition of 
carbon. 
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Figure 4.34: Mass change vs. time for reproducibility of selected alloys 
imposed on the first test at 500°C for 196 hours. Square points " 
Reproducibility test and Open circle = First test. 
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Figure 4.35 : Mass change vs. time for reproducibility of selected alloys 
imposed on the first test at 500°C for 196 hours. Square points = 
Reproducibility test and Open circle = First test. 
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Table 4.2: Percentage error of the selected alloys after 196 hours of 
exposure in CO-H,O-H2 environment at 5000 C. 
'% m~loss 
0.5 0.' 
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CHAPTER FIVE 
DISCUSSION 
From the results presented, It is apparent that the resistance of the alloys 
to metal dusting depends on the anoy's ability to form a protective 
chromium scale and to replenish it continuously. Metal dusting, which is 
the disintegration of the substrate into fine partides of carbon and metal, 
was induced on a selection of alloys containing various levels of chrome, 
iron and nickel at temperatures of between 500°C and 650°C in a flowing 
CO-HrH20 atmosphere. The resistance of alloys to metal dusting is 
affected by the alloy composition, its surface properties, the temperature 
and the carbon activity of the environment [11, 13, 33, 37, 41, 54]. The 
results presented here, compares well with work done by other 
researchers on iron and nickel-based alloys. It was shown that metal 
dusting can successfully be simulated in the laboratory in a rig that was 
refurbished as part of this project. In addition, the rate of the sample 
mass loss of each alloy type was consistent and the corrosion products 
"coke" further attest that the rig Is able to produce a consistent severe 
metal dusting environment. The rig is capable of operating uninterrupted 
for a week of simulation. 
5.1 EFFECT OF INDIVIDUAL ALLOYING ELEMENTS AND 
SURFACE FINISH 
The competition between the oxidation process to form a protective 
continuous oxide scale such as aluminium dioxide (Ah03), silicon dioxide 
(5i02), and chromium oxide (Cr203) on a given alloy surface and 
carburization will determine the onset for metal dusting attack. In order 
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for the oxidation to prevail, the selective oxidation oxide forming elements 
and formation of an oXide scale should be enhanced. The formation of an 
oxide scale is affected by the level of the oxide forming elements and the 
diffusion path available. In prindple, chromia should be selectively 
oxidized from the alloy to form a Cr203 external scale to prevent the 
ingress of carbon into the alloy and subsequent internal precipitation of 
carbides and super saturation of the alloy matrix by carbon. The growth 
of the Cr203 scale was enhanced by fast diffusion paths that were 
introduced by grinding the alloy surfaces. However, whether metal 
dusting is going to occur, depends on defects in the oxide scale and 
whether the oxide scale Is repaired before nucleation of graphite. The 
repair of the oxide scale depends on the level of the oxide forming 
elements. These factors are discussed below In relation to the metal 
dusting tests carried out between temperatures of 500°C and 650°C. 
5. 1. 1 Alloy Exposures at 650°C (Experiment A) 
Most of the alloys in as-received (ARO) condition showed severe metal 
dusting and rapid and significant mass loss during the exposure period. 
The high nickel content alloys, Alloy 600 and Alloy 214, In particular, were 
strongly attacked. These alloys had high nickel contents of above 70Ofo. 
An alloy containing a high nickel content is said to provide better 
resistance to carbunzation since the carbon solubility and dlffusivity 
decreases with increasing Ni-content [6]. Their poor behaviour is 
attributed to the fact that they had relatively low chrome levels of about 
15Ofo. The Cr content of these alloys was conSidered to be too low to form 
a protective continuous oxide scale. The Cr: Ni ratio increased from about 
0.24 to 0.48 (i.e. doubled) from the bulk to within the pits, indicating the 
level of migration of chrome during the exposure time. Alloying additions 
of aluminium and silicon is said to enhance the resistance to metal 
dusting. It is interesting to note that even though Alloy 214 had a 
relatively high aluminium content of about 6 wt Ofo, and thus the ability to 
form an AI203 scale, it still suffered severe attack. 
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A lack of elements such as tungsten and molybdenum in both Alloy 600 
and Alloy 214 resulted in the Cr being tied up in chromium rich carbides 
such as M23Ca, M3C21 and M7C3. Hence the formed chromium rich carbides 
lead to the depletion of Cr in the alloy matrix. The depletion of Cr reduced 
the capability of the alloy to form a protective oxide scale to suppress the 
diffusion of carbon into the alloy. Tungsten and molybdenum are strong 
carbides formers and would form carbides with carbon instead of only Cr 
forming carbides. The improved resistance of the ground vs. the as-
received alloys can be attributed fact that surface grinding of these alloys 
increases the diffusion paths in the alloys for Cr to form a protective oxide 
scale. 
Alloys 253 MA and GR 309 have nickel contents of about 11-120/0. These 
two alloys also exhibited severe metal dusting in both the as-received and 
ground conditions. This poor resistance can be attributed to their high 
iron contents of about 650/0 which increased the solubility and diffusivity of 
carbon. These two alloys did, however, perform better than the two high 
nickel-content alloys discussed above, and this can attributed to their 
higher Cr contents of about 180/0 and 210/0 for 253 MA and GR 309, 
respectively. Previous research has found that high Cr ferritic steels are 
very resistant whereas ferritic steels with 12-130/0 Cr were less resistant 
[11]. These alloys are austenitic steels which have lower diffusivities than 
ferritic steels and thus are expected to have low Cr diffuSion rates [8]. 
HR 160 and Alloy 230 showed much greater resistance to metal dusting 
especially when they were ground. This resistance can be attributed to 
the high levels of nickel and chrome coupled with a low iron content (~ 
20/0 ). The better resistance of the ground alloys is due to an increased 
density of dislocations in the alloy subsurface regions. This enhanced the 
Cr diffusion and hence the formation of a continuous CrZ03 scale. Since 
the iron content was very lOW, the diffusion rate of carbon was 
Significantly reduced and unstable cementite was not going to be formed. 
The presence of Si (1.32 wt %) and high Co (32.6 wt %) as carbide 
formers in HR 160 improved the metal dusting resistance. Cr in 
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conjunction with Si formed a protective oxide scale to protect the alloy. 
Consequently Cr was not tied up in MZ3C6, M3CZ, and M7C3 carbides. The 
excellent resistance of Alloy 230 can be attributed to the presence of a 
strong carbide former, tungsten. It had a high W (17.23 wt 0/0) content 
which formed carbides with carbon and Cr was spared. Without this 
element, only Cr-rich carbides would form. CrZ03 was formed otherwise 
the alloy could have suffered metal dusting attack. In addition, it had a 
very low Fe (1.91 wt 0/0) content. Hence carbon solubility and diffusivity 
was reduced. Generally, the rate of mass loss or wastage was high for all 
alloys with high a Fe content and low Cr content. 
The metallographic cross-sections of the alloys which were severely 
attacked by metal dusting showed an internally carburized zone and 
intensive grain boundary attack extending beneath the carburized zone. 
Internal carbide precipitation happened as result of the failure of an oxide 
scale to provide a barrier against carbon ingress. Failure of an oxide scale 
was due to an insuffident supply of Cr to maintain the oxide scale. In 
addition, carbon may gain access to the alloy surface where the oxide has 
failed due to inclusions or defects. 
The micro-hardness near the surface in the alloys which were severely 
attacked by metal dusting was very high. In contrast, the hardness 
values at a distance of about 0.5 mm from the first indent near the 
surface were found to be much lower and seemed to remain at this level. 
Further into the alloy cross-section, the hardness values were fluctuating 
but were not dose to the hardness values observed near the surface. The 
high micro-hardness values measured near the surface are attributed to 
the carbide precipitation and growth. The process of carbide precipitation 
and growth occurs as carbon diffuses into the alloys. Thus the average 
distance between carbides and their sizes increases as the distance from 
the surface increases. Hardness Is a measure of the resistance to 
deformation when a loaded indenter is forced to penetrate the surface of 
the alloy during the test. The penetration of the Indenter leads to a local 
deformation which is both plastic and elastiC. Since deformation is due to 
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the motion of dislocations, grain boundaries, carbides within the grains 
and along the grains would impede the movement of dislocations. 
Consequently the restriction of the dislocation motion makes the material 
stronger. Hence the hardness increases. The metallographic cross-
section of HR 160 in the as-received condition showed a carburized zone 
just below the surface whereas no carburized zone was observed for the 
ground condition. This resulted in a higher hardness for the as-received 
material. Metal dusting pits Observed in these exposure series had often 
coalesced to form wide irregular pits. At the bottom of the pit, tiny loose 
metallic particles were often observed. Secondary pits were often 
observed within the primary pits. Consequently, the pits grew faster and 
deeper. This suggests, that once the metal dusting process has begun, it 
will continue until the material is removed from the mrrosive 
environment. The tiny partides also suggests that after disintegration of 
the metal matrix, carbon continues to dissolve in the small metal 
fragments and the subsequent nudeation of graphite leads the 
disintegration of the metal fragments to even smaller fragments. This 
process seems mntinues until carbon cannot be dissolved in the tiny 
fragments. 
5.1.2 Alloy Exposures at 500°C (Experiment 8 and C) 
At 500°C all the alloys showed a shorter incubation period prior to metal 
dusting when mmpared to experiments mnducted at 650°C. Only the 
ground alloys of HR 160 and Alloy 230 showed good resistance. This 
phenomenon can be attributed to the relatively good combination of 
chrome and nickel and low iron content In addition to carbide formers 
such as cobalt and tungsten and oxide formers such as silimn and 
aluminium. The ground surface Increased their dlffuSlvlty path by cold 
work which provided a high vacancy concentration where the lattice is 
more open and substitutional diffusion Is enhanced. The Increased rapid 
diffusion paths have a small effect on the ingress of carbon since there 
was already a high probability of empty neighbouring interstitial Sites to 
move through the alloys. 
UNIVERSITY OF CAPE TOWN 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
Discussion 100 
As shown In section 4.3, all alloys that had a carburized zone and 
intensive carbide precipitation had suffered severe to mild metal dusting 
attack. Alloys which did not have a carburized zone suffered mild or no 
attack, as was observed at 650°C. The micro-hardness near the surface 
was high for alloys with a carburized zone. The high hardness values 
proved that carbon was supersaturated near the surface and there was a 
precipitation hardening process due to carbide predpltation and growth. 
The micro-hardness values of all the alloys were lower in the experiments 
conducted at 500°C compared to those conducted at 650°C. This was 
attributed to temperature and exposure time and hence a decreased 
concentration of carbides due to the faster diffusion of carbon at higher 
temperature. 
The values of the partial pressure of oxygen were much higher than the 
values of the equilibrium oxygen partial pressure at 650°C and 500°C. 
Hence the alloys were oxidized. However, the value of the partial 
pressure of oxygen at 500°C was very low when compared to the value of 
the partial pressure of oxygen at 650°C. Thus the oxidation process at 
650°C was more rapid than at 500°C. Consequently, the oxide film was 
not formed rapidly to protect the alloy against carbon ingress and hence 
the alloys were attacked within a short period when compared to alloys at 
650°C. 
Most of the pits had coalesced to form wide irregular pits. The pits 
developed from where the oxide scale had failed. It seems that the area 
where the oxide had failed was never repaired because of insuffiCient and 
slow supply of Cr to form a protective scale. Thus the deposition of 
carbon and super saturation of the alloy matrix process superseded the 
oxidation process. The metal dusting process continued inside the pits and 
consequently the pits coalesced. 
Szakalos et al suggested that there Is seldom only one metal dusting 
mechanism operating on steels or nickel-based alloys [25,42]. As 
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described in literature in Chapter Two, there are four types of metal 
dusting mechanisms. The metallic particles observed at the bottom of the 
pits and coalescing of pits suggested that the metal dusting did continue 
inside the pits. Thus it is likely that more than one metal dusting 
mechanism had occurred. Alloy 600, Alloy 230, and Alloy 214 are nickel-
based alloys and loose metallic particles were observed inside their pits. 
These metallic particles had high contents of nickel (73 -- 92 wt 0/0) and 
very low content of other elements. The metallic particles observed at the 
bottom of the pits may have formed as a result of the continuous 
fragmentation of nickel particles by graphitization. This phenomenon 
suggests that Type IV- mechanism may have been involved, although the 
Type IV- mechanism does not occur alone. 
One of the two types of metal dusting mechanisms such as Type II and III 
could have started the process of dusting. Since Alloy 600, Alloy 230 and 
Alloy 214 are nickel-based alloys, it is likely that Type II- mechanism has 
occurred. Type II involves the disintegration of the carbon super 
saturated phase by internal graphitization. Inside the pits on the sample 
surface of HR 160 CARO), the Cr level was higher than at the unaffected 
surface, suggesting that the products within the pits could have been 
made up of Cr-carbides or/and oxide. Thus it is likely that Type II and III 
occurred at same time. The HR 160 (GRD) surface had a higher Cr 
content than in the pits, suggesting that the Cr20] was protecting the 
alloy. Thus HR 160 (GRD) had a better resistance to metal dusting than 
other alloys except Alloy 230 (GRO). 
GR 309 (ARD) and 253 (ARD) had suffered severe metal dusting and 
severe grain boundary attack. It is well known that austenitiC steels are 
susceptible to Inter-granular corrosion at temperatures of between 425-
815°C and Cr-carbides (mainly CrnCi) precipitates at the grain 
boundaries, depleting the grain boundary and nearby structures of Cr. Cr 
reacts with carbon within the steel matrix to form CrnCi. The formation 
of Cr23C6 may have occurred when the steels were heated to the test 
temperature at 500°C in each cyde during the exposure. 
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Precipitation of carbides at the grain boundaries impedes the outward 
diffusion of Cr to the surface to form a Cr20] scale since the diffusion of Cr 
is slower In the bulk material than at the grain boundaries. An unlimited 
influx of carbon from the environment precipitated more carbide. Hence 
more Cr is tied up in the carbides and the depletion increases at the grain 
boundaries. T his severe metal dusting and grain boundary attack was 
observed by Maier et al on Type 304 after 180 hours [9]. The type of 
meat dusting mechanism that have occurred on GR 309 and 253 MA was 
Type I, whereby the formation and decomposition of metastable cementite 
leads to the disintegration of the alloy into metallic iron particles and 
graphite. 
High nickel-contents are Ideal since the carbon solubility and dlffuslvity 
decreases with increasing Ni-content. However, Grabke et al found that 
alloys with about 30 wt % Nt were attacked more rapidly and effectively 
than alloys with 20 wt % Nt [54]. In this study, Alloys 601, BOOHT, 690, 
693, and HR 120 had much higher mass losses for the all alloys than in 
experiments A and B. The rapid mass loss of Alloys 800HT and HR 120 
can be attributed to their low Cr-oontent. A low Cr-content was not 
suffident to rapidly form and repair the oxide film against carbon which 
lead to metal dusting attack. In addition, the mass loss can be attributed 
to the fact that they were severely attacked by metal dusting (pitting). 
Metallographic cross-sections attested that metal dusting had occurred in 
Alloy 800HT and HR120 since carburized zone and Intensive carbide 
precipitation were observed below the pits. Alloy 800HT (ARD) suffered 
uniform wastage. Alloy BOOHT (Hn suffered both uniform wastage and 
local pitting. The onset of metal dusting is rapid for alloys with high Fe-
content and relatively low Cr-oontents. The type of metal dusting 
mechanism that occurred in Alloys 800HT and HR 120 is likely to be Type 
I, since they were iron-based alloys. Alloy 601 showed better resistance 
to metal dusting than Alloy BOOHT despite having the same Cr-content. A 
high nickel-content, low iron content, and a relatively high aluminium 
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proved to be beneficial for the resistance of metal dusting of Alloy 601. It 
has been shown before that Cr in conjunction with a relatively high 
aluminium content enhances the metal dusting resistance of alloys [33]. 
The rapid mass loss of Alloy 690 (ARD) can be attributed to the small pits 
observed on its surface and low Cr (17.2 wt 0/0). low Cr contents lead to 
oxide spallation. In contrast, Alloy 690 (HT) also lost mass rapidly but did 
not suffer any discernible metal dusting attack. Alloy 693 (ARD) and Alloy 
693 (HT) showed greater resistance to metal dusting. This is attributed to 
the high Cr (29.68 wt 0/0) in conjunction with a relatively high AI (1.45 wt 
(/0) content. In addition, the resistance was enhanced due to the very low 
solubility of carbon in Ni (68.9 wt (/0) and low Fe (4.3 wt 0/0) content. The 
metallographic cross-sections showed negligible carburization. This 
means that the protective oxide scale was formed. High Cr (29.68 wt %) 
was enough to resist excessive oxidation. Despite its high Cr content, 
oxide scale spallation is likely to have caused high mass loss. 
Comparing the heat treated alloys with the alloys that were not heat 
treated showed no general consistent pattern. Only HR 120 (ARD) and HR 
120 (HT) showed a consistent pattern, HR 120 (ARD) performed better 
than HR 120 (HT). After heat treatment, the grain size of all alloys did 
not change. This Implies that the heat treatment temperature (850°C) 
was below the recrystallization temperature of the alloys. The only 
conSistent pattern observed was that alloys with more than 600/0 wt of 
nickel showed negligible mass loss for 196 hours and suddenly lost 
significant mass in the last 72 hours of the exposure. 
Mass loss can only be caused by disintegration of the alloys or excessive 
oxidation. Since disintegration of the alloy was not observed in Alloy 690 
(ARD) and Alloy 693 in both conditions (heat treated and as-received), it 
is possible that oxide spallation occurred rapidly after 196 hours and is 
therefore responsible for mass loss. From this limited exposure series, 
the influence of heat treatment at 850°C prior to metal dusting is not 
evident, even though where direct comparison have been possible, there 
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was some evidence that metal dusting can be more severe, especially for 
alloys with more than 30 wt % of Fe. It is suggested that more 
experiments should be conducted to investigate the effect of heat 
treatment prior to metal dusting exposure and that the heat treatments 
should not induce grain refinement or growth. 
5.2 EFFECTS OF TEMPERATURE AND CARBON ACTIVITY 
OF THE ATMOSPHERE 
In the second exposure series at 500°C, all the alloys were attacked after 
a shorter time than at 650°C. carbon deposits and plates grew on the 
sample surface more rapidly than at 650°C, except for alloys HR 160 and 
Alloy 230. Rapid mass loss occurred after 4 days of exposure. Nishiyama 
et al suggested that the carbon activity (ac) and oxygen potential (Po ) 
2 
must be considered as an index to represent the metal dusting propensity 
in the gas atmosphere [16]. In addition, the Po has an influence on the 
2 
formation of the Cr203 scale which provides protection against metal 
dusting. The ac and Po at 650°C was 16 and 5.05 xl0-26 atm, 
2 
respectively, whereas the ac and Po at 500GC was 500 and 1.96 Xl0-31 
2 
atm, respectively. The ac at 500°C was about thirty times more and the 
Po was five orders of magnitude less than at 650°C. This resulted in 
2 
graphite forming within a shorter time and the oxide formation was 
negatively affected by a very low oxygen potential pressure. The oxide 
forming elements could not be oxidized readily due to the lower oxygen 
potential. Subsequently, the formation of the protective oxide scale was 
compromised. 
In addition to the factors that accelerated the attack at 500°C, at lower 
temperatures, the diffusion coefficient of Cr is lower. Two diffusion 
processes takes place during metal dusting exposure. Firstly, the 
diffusion of carbon into the alloy to precipitate carbides and possibly to 
supersaturate the alloy matrix. Secondly, the diffusion of Cr to the 
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surface to form a protective oxide scale. Cr is a substitutional solute 
atom, requiring the presence of vacancies for diffusion and carbon is an 
interstitial solute atom and requires interstitial sites for diffusion. Thus at 
low temperatures, the diffusion coeffident of Cr is low and cannot be 
supplied rapidly to the surface to protect the alloy with Cr203. However, 
the diffusion of carbon is insignificantly affected by low temperature in this 
instance since interstitial sites are always present in metals. 
5.3 COKE FORMATION 
Three types of coke have been observed in this study, carbon plates, coke 
protrusions and coke nodules. Due to the limitation of this project, a 
detailed analysis of the corrOSion products and carbides formed could not 
be carried out. However, the physical appearances of the coke deposits 
were different in shape and size but had similar structures at a 
microscopic level. The microscopic structure consisted of graphite 
filaments with metallic particles. The particles found in the corrosion 
product demonstrate that the metal dusting process had occurred and Is 
the mechanism responsible for the disintegration and wastage of the 
alloys and steels tested. 
5.4 MEASUREMENT OF THE RESISTANCE TO METAL 
DUSTING 
From the results presented, it is interesting to note that the most resistant 
alloys (viz. Alloy 690 and 693) to metal dusting had higher mass loss than 
alloys that were severely attacked by metal dusting. These alloys lost 
mass more than three times as compared to the alloys that were severely 
attacked by metal dusting at 650°C for 500 hours. In addition, both Alloy 
690 and 693 lost more mass than Alloy 601 at 500 ° C for 268 hours which 
was severely metal dusted. HR 120 which also suffered severe metal 
dusting lost less mass when compared to the metal dusting resistant Alloy 
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693. It seems that this phenomenon has not been reported in the metal 
dusting literature. It is well known that chromium oxide provide 
protection against metal dusting and since Alloy 690 and 693 had a 
considerable high amount of chromium. Thus the resistance of these 
alloys can only be attributed to the formation of the chromium oxide film 
even though the mass loss suggest otherwise. In addition, the mass loss 
maybe attributed to excessive oxidation and spallation. However the 
mass loss of the alloys that suffered severe metal dusting is attributed to 
pitting. The mass loss of Alloy 690 and 693 can not be attributed to pitting 
as they did not show any discernible pits. It is therefore conduded that 
the mass loss/gain is unreliable to be used as a measure of the resistance 
to metal dusting corrosion. 
5.5 MECHANISMS OF METAL DUSTING 
Carbon from the reaction gas mixture CO-H2-H20 is absorbed as follows; 
CO + H2 = H:zO + C (dissolved) 
and diffuses into the alloy. Comparing the SEM micrograph of the cross-
section of an alloy, as shown in Figure 5.1, with the sketches in Figure 
5.2, it seems that during the metal dusting exposure, carbon diffuses 
through the interstitial sites and grain boundaries. Then, after some time 
carbon is transformed into graphite. The formation of graphite in the 
interstitial sites and along the grain boundaries separates the metal 
matrix. The metal particles generated from the disintegration of the iron-
nickel matrix would acts as a catalyst for further carbon deposition from 
the CO-H2-H20 gas mixture leading to more fragmentation of the particles. 
Hence the coke consists of graphite and the sub micron partides as shown 
in Figure 5.1. These mechanisms would apply for nickel-based alloys. For 
iron-based alloys, the mechanism is slightly different since unstable 
carbides are formed. Subsequent formation of graphite on the cementite 
renders it to be unstable and decomposes into metallic partldes and 
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graphite as suggested by Grabke et at and other researchers [8, 17, 27, 
28,39,40,44-46]. 
the coke. 
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Figure 5.2: The process of metal dusting and carbon filament formation 
in nickel- and iron-based alloys [24, 67]. 
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5.5 SUMMARY 
From the results and discussion presented, it is apparent that metal 
dusting is affected by oxidation, carburlzation and temperature. Oxidation 
is affected by the level of Cr, microstructure of the alloy, oxide spallation, 
and surface finish. Oxidation processes in the Ni-Fe-Cr alloys leads to the 
formation of Cr203 on the surface of the alloys to protect it against carbon 
ingress. 
Defects on the oxide scale and/or oxide spallation provide access for 
carbon to diffuse into the alloy. When the oxide scale failS, protection 
against carbon is hindered. The protection can only be retained if the 
oxide scale is self-repairing. Self-repairing is promoted only if suffiCient 
Cr remains high at the alloy surface. If the alloy surface is depleted of Cr, 
reparation of the Cr203 would not occur. A Cr diffusion coeffiCient is 
higher in ferrltic lattices than in austenitic lattices. Thus Cr will diffuse 
faster in ferritic alloys than in austenitic alloys. Cr will be supplied at 
lower rates in the case of austenitic alloys and hence Cr20] would not form 
readily and continuously as it was the case in the poor resistance showed 
by Alloy 600. Ferritic alloys such as GR 309 and 253 MA showed better 
resistance than Alloy 600 and Alloy 214, which has an austenitic structure. 
carburlzation is affected by oxide scale formation which forms a barrier 
for further carbon ingress and addition of strong carbides formers which 
reduces the dissolved carbon. In addition, carburlzation is also affected 
by elements that reduce the solubility and diffusivity of carbon, such as 
high nickel content. The formation of carbides such as titanium, 
molybdenum and tungsten carbides consumes dissolved carbon and thus 
sufficient Cr would be available to form a protective oxide scale. All alloys 
that were ground in this project showed greater resistance to metal 
dusting compared to the corresponding as-received alloys with perhaps 
the exception of alloy 253 MA. This phenomenon is attributed to the 
increased dislocation density which provided a high vacancy concentration 
for Cr to diffuse faster to the surface to form a protective oxide scale . 
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This mechanism was not available for the alloys in the as-received 
condition. Hence the onset of metal dusting occurred earlier than for the 
corresponding ground alloys. 
Alloy 230 and HR 160 showed better resistance at 650°C due to the 
combination of oxide forming elements, strong carbides forming elements, 
low Fe content, and increased diffusion paths for Cr by grinding. The 
most resistant alloys were Alloy 690 and Alloy 693. The latter did not 
show any discernible metal dusting attack because of its good combination 
of high Cr and high Ni content. As far as the temperature is concern, 
metal dusting becomes more aggressive at low temperatures. The 
oxygen partial pressure at 500°C was 1.96 Xl0-31 atm whereas at 650°C it 
was 5.05 Xl0-26 atm. Thus, at 500°C, the oxidation process is affected 
and becomes sluggish. In addition the OXide scale is not readily formed 
especially for alloys with a low Cr content. The carbon activity was also 
affected by temperature since it was very high at 500°C and low at 
650°C. Thus a high carbon activity promoted the early carbon deposition 
on the alloy surface and at the same time oxidation was hindered at low 
temperature. There was a subtle difference in the onset of metal dusting 
for all alloys in both conditions. The effect of the present heat treatment 
did not affect the resistance of the tested alloys to metal dusting. 
The shapes of the reproducibility graphs were similar to that of the 
Original test for each of the alloys examined as shown in Figure 4.3 and 
4.5 up to 196 hours. The percentage error between the mass change of 
the original tests and reproducibility tests after 196 hours was very low. A 
percentage error less than 100/0 is considered acceptable for long time 
exposure. Since the percentage error was below 100/0, the results are 
deemed to be reproducible and the simulation rig is able to produce 
constant severe metal dusting environment. 
The present study has demonstrated that high chromium Alloy 693 had 
much better resistance than low chromium alloys such as Alloy 600. 
However, high mass loss of Alloy 693, 690 and GR 309 showed that the 
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severity of metal dusting cannot only be based on the weight loss. 
Surface analysis is the most accurate way of measuring the severity of 
metal dusting. Most alloys showed severe pitting with little mass loss and 
some less pitting with high mass loss as it was the case for Alloy 693 and 
690. For this study, comparing the depth penetration from the sample 
cross-section with the mass change proofed fruitless as no relationship 
was found and these behaviour can be attributed to narrow and small size 
of the pits on the surface of the alloys. Thus, the present study has shown 
that the weight loss/gain is unreliable as a measure of the resistance to 
metal dusting corrosion. Considering the complex nature of metal 
dusting, it is of importance to note that metal dusting is governed by 
oxidation and carburization. Oxidation of ternary alloys is very 
complicated to understand and it is strongly recommended that the 
oxidation resistance of Alloy 693 and 690 be tested since the observed 
mass loss is attributed to oxide spallation. 
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CHAPTER SIX 
CONCLUSIONS 
Commercial alloys of ferritic and austenitic structures have been exposed 
to severe carburizing gas mixture at 500°C and 650°C in order to 
evaluate factors that affect the resistance to metal dusting. Tests were 
carried out on samples as-received, prepared with a ground surface or 
heat treated at 850°C for one hour. The exposure times ranged from 268 
to 500 hours in a CO-HrH20 gas mixture under a pressure of 1.2 atm and 
carbon activity of between 16 and 500. The following condusions are 
drawn: 
• The Simulation rig is able to produce a severe and conSistent metal 
dusting environment. 
IIIJ Surface treatment by grinding had a strong effect in promoting the 
resistance to metal dusting. 
• The test temperature, carbon activity, and oxygen potential of the 
gas atmosphere has an influence on propensity of metal dusting. 
• The composition of the alloys, particularly those with oxides forming 
elements such as Cr, Si, and AI can provide protection against 
metal dusting. In addition, carbide forming elements such as 
tungsten and molybdenum does enhance the resistance to metal 
dusting. 
• Oxidation of alloys can suppress carburization and metal dusting by 
the formation of a protective oxide scale which is favoured by with 
a high Cr (>25 wt 0/0) and surface deformation. 
IIIJ Metal dusting started from local defects in the oxide film. 
IIIJ Coking and metal dusting were two processes that promote each 
other. 
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• From this limited exposure series, the influence of the present heat 
treatment which did not alter the microstructure or mechanical 
properties did not affect the metal's resistance to metal dusting. 
41) The most susceptible alloys to metal dusting were GR 309, 253 MA, 
Alloy 600, HR 120, Alloy 601, and Alloy 214 - . these were had 
either low chrome and / or high iron contents. 
• Alloys that showed considerable resistance to metal dusting were 
HR 160 and Alloy 230 at 650°C. These alloys had very low iron 
contents and had carbide forming elements. 
• The alloy that had the worst resistance to metal dusting was Alloy 
800HT. This alloys had a relatively high iron content and no 
carbide formers. 
• The alloys that showed the highest resistance to metal dusting was 
Alloy 690 and Alloy 693, but Alloy 693 offered better resistance 
than Alloy 690 due to its high Cr content, high nickel and low iron 
and oxide forming elements, aluminium and silicon. 
• Mass loss/gain is unreliable as a measure of the resistance to metal 
dusting as shown by Alloy 690 and 693. 
• In principle, any material that can dissolve carbon and form 
carbides will be susceptible to metal dusting. 
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CHAPTER SEVEN 
RECOMMENDATIONS FOR FUTURE WORK 
The following further areas of research are recommended: 
• Evaluation of the resistance of metal dusting to alloys containing 
copper, since solubility of carbon in copper is thought to be 
extremely slow and to be non catalytic to carbon deposition. Hence 
addition of copper to nickel-chromium alloys might suppress metal 
dusting. 
• Fabrication and evaluation of the following model alloy: 50% NI-
3%Fe-30%Cr-l0%W-5%AI. The solubility and diffusivlty of carbon 
In nickel is low when compared to iron, consequently high nickel 
content in an alloy will help to reduce the solubility of carbon. 
Higher chromium content would ensure that a protective chromium 
oxide scale is formed to retard metal dusting whereas the presence 
of tungsten will help to preserve the chromium level as tungsten 
will form carbides Instead of chromium forming carbides alone. 
Aluminium can also form a protective oxide scale to retard carbon 
ingress. A good balanced combination of the above mentioned 
elements will suppress metal dusting. 
• Evaluation of the effects of chromizing and aluminizing metal 
components to metal dusting resistance. Enriching the surface 
region of alloys by chromium and aluminium would endow alloys 
with excellent resistance against corrosion and oxidation. 
• Evaluation of the effects of protective coatings against metal 
dusting. Coatings based on strong oxide formers such as Cr, Si, 
and AI which are capable of forming protective oxide scales at high 
temperatures under aggressive reducing environment of metal 
dusting. 
• Investigating how carbon plates and coke protruSions affect the 
kinetics of metal dusting. carbon plates seemed to grow rapidly on 
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alloys with high content of iron and to accelerate the rate of metal 
dusting. Most alloys which had multiple carbon plates were 
uniformly attacked whereas alloys which had coke protrusions had 
erratic pitting. 
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Experiment A at 650·C 
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-Figure 1: Mass change of exposed alloys after 81 hours and 168 hours in 
experiment A at fi50°C, respectively. 
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Figure 2: Mass change of exposed alloys after 72 hours and 180 hours in 
experiment A at 6S0'C, respectively. 
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Exoeriment B at 500·C 
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Figure 3: M .. 55 change of expo5ed alloY5 after 24 hOUr5 .. nd 72 hOUr5 in 
experiment A at 500·C, respectively. 
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Figure 4: Mass change of exposed alloys after 100 hours and 180 hours 
in experiment A at GSO' C, respectively. 
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Figure 5: Mass change of exposed alloys after 24 hours <'Ind 180 hours in 
experiment A at 650' C, respectively. 
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Figure 4: Mass change of exposed alloys after 100 hours and 180 hours 
in experiment A at 650°C, respectively. 
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Hardness Measurements for Experiment A at 650°C 
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Hardness Measurements for Experiment B at SQQ"C 
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Hardness Measurements for Experiment C at 500°C 
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